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Summary

Adaptation to altitude in Heliconius butterflies
Maria Gabriela Montejo Kovacevich

Local adaptation is an important process for studying recent evolutionary change. The
environment changes drastically along steep clines, such as mountains, and diverse sets of
challenges are predicted to drive local adaptation. Thus, these clines represent ideal settings
to identify the traits and genomic mechanisms that allow some organisms to succeed across
wide geographical ranges, which is a major goal of evolutionary biology. In this thesis I
explore the environmental variables, phenotypic traits, and genomics underlying adaptation
to altitude in the Heliconius butterfly genus.

Firstly, using a collection of over 3500 wings I discovered that wing morphology varies
predictably across elevations, with species and populations in the highlands having rounder
wings than those in the lowlands. This study also highlighted that life-history, whether larvae
are gregarious or solitary, determines the direction of wing sexual size dimorphism across
species. Secondly, to understand the microclimates experienced in the wild by Heliconius

butterflies, I measured hourly temperature and humidity for a full year in 28 sites across
elevations and microhabitats on both sides of the Andes. The canopy greatly buffered the
climate within the forest, but publicly available datasets failed to accurately predict these
temperatures. Further, I found that species inhabiting higher altitudes were less tolerant to
heat in the wild, while common-garden reared individuals of H. melpomene were equally
tolerant after one generation, showing plasticity for this trait. Thirdly, with a dataset of over
600 whole-genome sequenced H. erato and H. melpomene individuals from four elevational
clines, I found many parallel signatures of local adaptation to high altitude across clines and
sides of the Andes, especially within H. erato. Finally, I studied the genomic basis of one
of the traits I identified as being potentially involved in adaptation to altitude, wing shape.
By combining common-garden rearing of highland and lowland populations of H. erato

and H. melpomene and 666 whole-genome sequences from a published study, I found that
wing aspect ratio is highly heritable, and identified relevant candidates for future functional
studies.
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Overall, this work highlights that butterflies readily adapt to their local environment and
that they do so in a more convergent fashion than previously thought. This thesis lays the
groundwork for an exciting new branch of study for Heliconius research, where we combine
the long fascination for their natural history and speciation, with new approaches to study
how they adapt to the environment.
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1

Introduction

If one way be better than another, that you may be sure is nature’s way.

– Aristotle

Understanding the mechanisms that allow organisms to adapt to their local environment
is central to ecology, evolution, and conservation. Naturalists have long been fascinated
by the diversity of life and forms, striving to find the origin and processes that maintain
biodiversity. The concept of natural selection, by which non-random variation in fitness
across individuals leads to an increase in the frequency of beneficial, heritable phenotypes
within a population, was Darwin’s biggest contribution to biology (Darwin, 1859). However
Darwin, despite acknowledging its importance, lacked an understanding of the source and
heritability of variation that could give rise to advantageous adaptations (Charlesworth and
Charlesworth, 2009). In the Modern Synthesis of Evolution, Mendelian laws of inheritance,
population genetics, and natural selection were integrated into one framework, demonstrating
that mutation and recombination could yield the raw genetic material upon which selection
could act (Huxley et al., 1942). In the decades that followed, much of the discussion would
revolve around whether evolution was gradual, as Darwin had posed “Natura non facit saltum”
(Nature makes no leaps, Berry 1985) via selection of existing quantitative genetic variation
(Fisher, 1919), versus the power of mutation to generate novelty (mutationists, Kimura 1979,
2020; Provine 2020). Yet, the mode and tempo of adaptation in the wild is still a key frontier
of evolutionary biology research. Is adaptation the result of many small-effect loci or few loci
of large effect? If organisms were to independently adapt to the same environment, would
evolution take the same course?

In the last decade, the development of sequencing technologies and computing power capable
of obtaining and processing whole-genomes in a relatively cheap and timely manner, has
made possible the study of molecular evolution empirically. Evolutionary genetics aims
to infer the processes that have shaped the patterns of variation we observe in nature and
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can benefit from a wealth of genomic data and population genetic theory and statistics.
Nevertheless, examining and describing such patterns is a necessary first step to linking
phenotype and genotype in the wild. An in-depth understanding of the natural history and
ecology of species can help us determine the traits and selective forces likely involved in
local adaptation, which can, in turn, inform evolutionary genetic studies. In this thesis, I
follow this approach by combining field work, experiments, and whole-genome sequencing
to study parallel adaptation to altitude in the Neotropical Heliconius butterflies.

1.1 Adaptation to high altitude
Changes in the physical environment can profoundly affect the organisms inhabiting them.
Phenotypic changes along latitudinal clines have long been studied and have received par-
ticular attention in the last few decades due to their relevance for climate change, as many
taxa are shifting their range towards the poles (Parmesan et al., 1999). Elevational clines
have also been widely studied. The comparative study of latitudinal and elevational clines
has been deemed as a good way to understand how organisms might respond to global
warming, as it could provide evidence for an association between similar environmental
gradients and the phenotypes under selection (Klepsatel et al., 2014; Pitchers et al., 2013).
However, changes in the environment across elevations are rapid, whereas across latitudes
changes tend to be gradual and over 100’s of kilometres (Hodkinson, 2005). This makes
altitudinal clines particularly well-suited for studies of local adaptation, as rapid changes
in the physical environment will increase selective pressures on relevant traits, while other
latitude-dependent factors, such as day length or seasonality, remain relatively constant.

Temperature, atmospheric pressure, UV radiation, and wind are some of the many physical
factors that change with altitude. These parameters often interact and constitute an environ-
mental envelope to which species adapt (Hodkinson, 2005). In the tropics, temperatures
remain relatively constant throughout the year, but decrease faster with altitude than in tem-
perate zones, ±0.65◦C per 100m (Dillon, 2006). As a consequence, tropical biomes change
drastically with elevation. Variation in traits and community assemblages with elevation
will affect interactions between organisms as well, thus evolutionary change will be driven
by more than the selective pressures exerted by the physical environment alone. There has
been a recent realisation that climate under the forest canopy is very different to weather
station-recorded temperatures at similar localities, with forests buffering temperature and
humidity changes in the atmosphere and creating a more stable environment (De Frenne et al.,
2019). Yet, many studies use interpolations from such weather stations to predict species
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ranges and responses to climate change. This is particularly worrying for tropical montane
habitats, as the forest structure changes drastically with elevation and weather station data is
very sparse (Fick and Hijmans, 2017). Furthermore, microclimates within tropical forests
can offer temperature gradients even steeper than those across elevations, as the forest floor
is much cooler than the canopy during the day and, often, warmer at night. This can offer
organisms a refuge from climatic extremes (Scheffers et al., 2014), as well as the ability to
colonise niches that suit their thermal limits across elevations. For example, frogs have been
shown to become more arboreal with elevation in tropical climates, a pattern which could
be reversed by climate change if the canopy warms up (Scheffers et al., 2013). Thus, it is
important to understand how climate and the environment change with altitude at the scale
that is most relevant to the organisms under study.

Ectotherms with limited dispersal ability can respond to changes in their thermal environment
with a combination of three mechanisms: behaviour, acclimation, or evolution (Logan et al.,
2019). In the tropics, the low temporal but high spatial variation in temperature across
elevational gradients is predicted to drive the evolution of narrow thermal breadths and lower
dispersal rates (Janzen, 1967; Polato et al., 2018). This makes tropical insects especially
vulnerable to climate change, as ectotherms depend solely on external or behavioural sources
of heat for thermoregulation and even small increases in temperature could be detrimental
(Logan et al., 2014a). It has been suggested that adapting to a wide range of temperatures
has a high physiological cost, and that the thermal limits of organisms should match those
of the area they inhabit (Sunday et al., 2012). High and mid-altitude tropical rolled-leaf
beetle species have been shown to have lower thermal tolerance than lowland and widespread
species, and no effect of phylogeny, thus potentially making high-altitude locally adapted
species more vulnerable to global warming (García-Robledo et al., 2016). Behavioural
and plastic responses have also been shown to be help ectotherms cope with temperature
and humidity variation. For instance, canopy-dwelling tropical ants circumvent areas with
temperatures 5-10°C below their thermal tolerance limits. Nevertheless, potential for rapid
adaptation to new thermal environments has been shown in Drosophila and mosquitoes with
experimental evolution studies (Barghi et al., 2019; Foucault et al., 2018), and in lizards in
the wild (Logan et al., 2014a).

The decrease in partial pressure of atmospheric gases with altitude is also an important selec-
tive agent. As pressure drops, the concentration, and thus availability, of oxygen is reduced
by around 11% per 1000 m change in elevation (Klepsatel et al., 2014). Chronic experimental
exposure to lower oxygen in insects tends to slow metabolic and development rates (Dillon,
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2006). Insects are generally not physiologically constrained to adapt to relatively low oxygen
levels. To improve tissue oxygen delivery in hypoxic environments, insects have been shown
to developmentally increase the diameter of tracheae. However, if thorax size is constant,
there could be a trade-off between the respiratory tissue and the allocation to muscle bundles
and other flight structures. Low air pressure additionally challenges flight performance, as
the forces required to produce lift for flight are reduced (Dudley, 2002). Wings of Drosophila

melanogaster get rounder with elevation after controlling for size allometry, but with large
differences across clines in different localities (Pitchers et al., 2013). In butterflies, longer,
slender wings are associated with faster gliding flight, whereas rounder wings enhance
manoeuvrability (Le Roy et al., 2019). Butterfly species inhabiting the canopy in tropical
forests (Mena et al., 2020) or Monarch migratory populations (Altizer and Davis, 2010) tend
to have longer wings. Changes in the forest structure and air pressure are thus likely to result
in adaptive divergence of wing morphology across elevational clines (Hernández-L. et al.,
2010).

Given the pronounced changes in the environment across altitudes, how can some tropical
ectotherms inhabit large elevational ranges? What traits and genotypes allow some organisms,
but not others, to expand their ranges towards the highlands? These are timely questions, as
climate change and rampant habitat loss in the lowlands are forcing many tropical ectotherms
to move uphill. Altitudinal clines represent an ideal setting for the study of local adaptation.
Drastic but relatively linear changes in the physical environment across elevations facilitate
the establishment of phenotypic clines across environmental gradients over a small spatial
scale, thus reducing the effects of larger climatic and latitude-associated variance. Further-
more, mountains can allow for efficient replication over space, as studies can be repeated on
isolated slopes and tropical forests’ biomes along elevations are remarkably similar when at
the same latitude. New sequencing technologies and the wealth of population and quantitative
genetics theory have led to great advances in the study of local adaptation in the last decade.
Yet, careful experimentation and observation to identify potentially adaptive traits is still
required for disentangling the mechanisms of local adaptation, thus limiting the number of
studies on tropical ectotherms.

1.2 Genomics of local adaptation in the wild
Local adaptation can be defined as a population having higher fitness at its native site
than other non-native populations (Kawecki and Ebert, 2004; Savolainen et al., 2013). But
measuring fitness in the wild is particularly hard, especially in animals, for which reciprocal
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transplants are often not feasible. Spatially varying selection across environments gives
rise to diverging phenotypic patterns. To detect these patterns, several populations across
or at the extremes of environmental clines are sampled, and trait variation is assessed
with many individuals. These comparative studies tend to be spatially replicated, so that
phenotypic variation can be examined across independent clines. Another powerful approach
involves studying several species that have independently adapted to a given environment,
and, while accounting for phylogeny, examine trait convergence in phenotype across similar
environments. Nevertheless, correlations between phenotypic and environmental clines do
not necessarily imply local adaptation. For instance, Drosophila body pigmentation variation
across latitudes was long thought to be involved in thermal adaptation to cold environments
(Barghi et al., 2020; Rajpurohit et al., 2008). However, a recent experimental evolution study
showed that temperature affects dopamine-dependent locomotion in Drosophila, and since
dopamine is a precursor of melanin, cold populations tend to have darker bodies, but these
do not have enough surface area to significantly increase heat absorption (Jakšić et al., 2020).

Phenotypic plasticity, both through acclimation or developmental plasticity could affect trait
means, so in order to study the genomics of a locally adapted trait, it is often necessary
to assess heritability first (Merilä and Hendry, 2014). A common approach to do this is
to rear organisms from different populations in common environmental conditions for one
or several generations, i.e. common-garden rearing experiments (de Villemereuil et al.,
2016). Common-garden experiments can be used to quantify the correlation between parents
and offspring trait values and the repeatability of these within broods. Thus, common-
garden rearing experiments can bridge the gap between observed phenotypic patterns across
environmental gradients and determine whether a genetic component explains their variation.
Moreover, reciprocal transplants, where fitness of native populations is compared to that
of introduced populations, can be very valuable, as they directly test for local adaptation
(Savolainen et al., 2013). However, these experiments can be logistically challenging and not
feasible for organisms that cannot be reared in captivity or transplanted across populations in
the wild.

There are two general approaches for studying the genomics of adaptation to the environment.
Forward genetics, which aims to identify the genes underlying variation in a particular
trait, and reverse genetics, which focuses on detecting signatures of selection across the
genome without the need for phenotypic information (Pardo-Diaz et al., 2015; Stapley
et al., 2010). Forward genetic approaches include quantitative trait locus (QTL) analyses,
where phenotypes are associated with genomic regions via lab crosses between individuals
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with divergent phenotypes, tracking associated loci in pedigrees of natural populations
(Charmantier et al., 2014; Johnston et al., 2016), and genome-wide association studies
(GWAS), which detect associations between genomic variants and the phenotype under
study. The difficulty of measuring quantitative traits in the wild and their complex genetic
architecture have led to a focus on traits with simple genetic basis (Orteu and Jiggins,
2020), such as colouration in budgerigars (Cooke et al., 2017) or colour pattern switches in
butterflies and moths (Nadeau, 2016). Nevertheless, the field of medical genetics and the
drop in sequencing prices have promoted the study of traits with more complex polygenic
adaptation in wild populations (Buniello et al., 2019), although we still lack a theoretical
framework for understanding its role in evolution (Barghi et al., 2020). Reverse genetics or
genome scans, in contrast, search for footprints of selection genome-wide, both within and
between divergent populations across space or time. Selection can drive the rapid fixation
of a new mutation in a population, ‘hard sweep’, or increase the frequency of existing
alleles, ‘soft sweeps’ (Martin and Jiggins, 2013). Sweeps will cause a reduction in the level
of polymorphism at the selected locus and in adjacent regions due to genetic hitchhiking.
However, demographic factors such as bottlenecks or rapid population expansions can also
leave signatures on the genome that resemble those of sweeps. Thus, careful interpretation
of genome scans and efficient replication across space are required to infer adaptation to the
environment (Tiffin and Ross-Ibarra, 2014).

Effective study design is crucial to succeeding in identifying the genomics of local adaptation
in the wild. Association mapping studies (GWAS, forward genetics) require large sample
sizes, with little population structure but enough phenotypic variance to detect associations.
Genome scans (reverse genetics) also require low levels of structure, to ensure that back-
ground differentiation is low so that differentiation around the selected loci can be readily
detected. Thus, the ideal study design traditionally comprises pairs of populations that are
under different selective regimes, but that have moderate to high levels of gene flow between
them (Savolainen et al., 2013). Population genetic studies have relied upon evidence of
parallelism in genomic adaptations across independent replicate pairs to infer the adaptive
significance of a gene, as repeatable patterns are less likely to be stochastic or due to demo-
graphic events (Tiffin and Ross-Ibarra, 2014). For instance, the armour plating EDA locus
has been repeatedly involved in adaptation to freshwater environments in marine three-spine
sticklebacks (Jones et al., 2012), and the EPAS1 gene has shown patterns of high-altitude
adaptation in dogs, horses, and humans (Wang et al., 2014; Witt and Huerta-Sánchez, 2019;
Yi et al., 2010). In these studies, the prediction is that isolation by environment (IBE), i.e.
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the positive relationship between genetic similarity and the environment populations inhabit,
is stronger than isolation by distance (IBD), where genetic dissimilarity correlates with in-
creasing geographic distance as a result of migration and genetic drift (Tiffin and Ross-Ibarra,
2014). However, environmental variables often correlate with geographic distance, making it
difficult to tease apart the effects of IBE from IBD. An effective approach developed to study
adaptation to altitude in Tibetans, involves sampling three populations instead of two. To
identify genomic regions exclusively diverging at high altitude, the authors estimated dif-
ferentiation between highland, lowland, and distant lowland populations across the genome,
which reduces the detection of differentiation due to isolation by distance (Yi et al., 2010).
Thus, with the ever-decreasing costs of sequencing, sampling more populations and replicates
across space will improve the power of both, association mapping and population genomic
studies.

While convergence may be apparent at the phenotypic and genic level through replicated
population genetic studies, often different single nucleotide polymorphisms (SNPs) underlie
local adaption in each replicate (Rosenblum et al., 2014). For instance, the melanocortin-

1 receptor (Mc1r) gene controls dark colour variation in many vertebrates via different
mutations (Manceau et al., 2010). This indicates a high level of molecular redundancy, by
which different mutations in a gene can have similar effects on the phenotype (Witt and
Huerta-Sánchez, 2019). Apart from de-novo mutations, another important source of genetic
variation is adaptive introgression through hybridisation. What before was thought to be a
mechanism that homogenises genomic variation, now is widely recognised as an important
driver of local adaptation and speciation (Meier et al., 2017). For example, hybridisation
allowed the sharing of dark colouration alleles between dogs and wolves (Anderson et al.,
2009). Similarly, adaptive introgression between jackrabbits and snowshoe hares has led
to the appearance of a winter-brown snowshoe hare (Jones et al., 2018). Hybridisation has
also facilitated adaptive radiations, by combining old genetic variants into new combinations
(Marques et al., 2019). Lastly, molecular convergence could arise in genome scans if ancestral
genetic variation was present at low frequencies in all populations and similar selective
pressures led to a selective sweep on the same variants (Lee and Coop, 2017). Distinguishing
among modes of convergent evolution in the wild is still a frontier for evolutionary genetics,
but empirical evidence is growing rapidly as a result of large genomic datasets and effective
study designs (Calfee et al., 2020).
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1.3 Heliconius butterflies as a study system
It sometimes happens, that we find in one locality a species [of Heliconius] under a

certain form which is constant to all the individuals concerned; in another exhibit-

ing numerous varieties; and in a third presenting itself as a constant morph. [. . . ].

Large genera are composed, in great part, of such species, and it is interesting to

show how the great and beautiful diversity within a large genus is brought about

by the working of laws within our comprehension.

– Henry Walter Bates, The Naturalist on the River Amazons (1863)

The Heliconius butterfly genus has caught the eye of naturalists for centuries. They show
Müllerian mimicry, whereby aposematic colouration is shared among co-occurring species, to
advertise their toxicity to predators. These butterflies feed almost exclusively on the diverse
family Passifloraceae, or passion vines, which have evolved a range of chemical and physical
barriers against herbivores (de Castro et al., 2018; Pinheiro et al., 2007). In turn, Heliconius

have adapted to, or even co-opted, these defences for their own benefit, detoxifying and
sequestering cyanogenic compounds to make them unpalatable to predators. Furthermore,
Heliconius are the only Lepidoptera known to actively feed on pollen, which gives them a
source of protein as adults and has profound effects on their biology and behaviour. Pollen
feeding allows for long lifespans of up to nine months and disproportionately large brains
for their size (Montgomery and Merrill, 2017), enabling them to memorise routes between
flowers and follow daily traplines (Ehrlich and Gilbert, 1973; Young and Montgomery, 2020).
Their evolutionary success and diversity invite their study to understand ‘the working of laws’
in nature.

Heliconius currently has 48 described species and span most of the Neotropics, from northern
Argentina to southern parts of the United States (Jiggins, 2016). Unsurprisingly, the early
taxonomy of these butterflies was largely confounded by mimicry within the clade and
with species from other genera. Nevertheless, Heliconius became abundant in collections
during the 19th century, due to their charismatic appearance and slow, gliding flight to expose
colour patterns to predators. Moreover, the ability to rear them in captivity facilitated studies
into their ecology and behaviour during the 1950s and encouraged geneticists to focus on
Heliconius wing patterning as a study system (Beebe, 1955; Turner and Crane, 1962).

Their ecology and the seemingly simple genetic toolkit of colour patterning was used as
evidence in support of ideas from the Modern Synthesis, to bridge the gap between population
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genetics and long-term evolution (Turner, 1981). Lab crosses identified several Mendelian
loci controlling Heliconius wing pattern elements (Mallet, 1989; Sheppard et al., 1985).
Theory had developed models of evolution towards a single adaptive fitness peak, with debate
around the number and size of steps (mutations) required during an ‘adaptive walk’ (Fisher,
1930; Orr, 2003). However, the adaptive landscape of Müllerian mimicry is made up of
distant peaks, where intermediate forms are strongly selected against (Merrill et al., 2015).
In the two-step model of mimicry evolution, large-effect mutations would initially bridge the
troughs between adaptive peaks, and allow ‘hopeful monsters’ to switch from one colour
pattern to another, which could confer higher protection against predators if the latter was
more abundant (Nicholson, 1927; Papa et al., 2013; Turner, 1981). The second step, involves
the refinement of mimetic patterns through small-effect mutations (Jiggins, 2016; Turner,
1981). With the advent of molecular markers, and later whole-genome sequencing, a large
number of alleles were found to underly most of the variation in colour and pattern, but
these were located at four major loci (Martin et al., 2012; Nadeau, 2016; Reed et al., 2011;
Westerman et al., 2018), which would fit with a two-step model of evolution (Jiggins, 2016).
However, complex regulatory networks and supergenes controlling variation in colour pattern
have also been uncovered in recent years (Chouteau et al., 2017; Lewis et al., 2020; Wallbank
et al., 2016), as well as a porous species boundaries that allow variation to arise through
adaptive introgression between taxa (Martin and Jiggins, 2013), challenging any simplistic
model of Heliconius speciation.

Heliconius species richness is highest in the eastern foothills of the Andes and the upper
Amazon lowland forest, although there is considerable niche partitioning, with some species,
such as H. telesiphe or H. hierax, that only inhabit the highlands (up to 3200 m) while
others only inhabit the lowlands (Figure 1.1, Rosser et al. 2012). There are two co-mimetic
species, however, that can be found across most of the range, with continuous populations
inhabiting altitudes from sea-level to 1800 m, H. erato and H. melpomene (Figure 1.1).
Heliconius disperse 2-4km after emergence, but establish small home ranges to memorise
and navigate the complex forest environment as adults (Ehrlich and Gilbert, 1973; Mallet,
1986b), suggesting high levels of local adaptation. Some species also show extraordinary
variation in colour patterns across their range, which has been exploited for the study
of colour pattern mimicry (Jiggins et al., 1996; Mallet, 1989). Several hybrid zones are
altitudinally structured, whereby two races with different colour patterns come into contact
at mid-elevations along the Andes (Jiggins et al., 1996; Mallet, 1989; Meier et al., 2020). A
study comparing several clines, found additional regions of the genome diverging between
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highland and lowland populations that were not involved with colour patterning (Nadeau
et al., 2014). This raised the question of whether Heliconius were locally adapting to high
altitude. At the genomic level, expanding ranges towards the uplands represents a much
shallower fitness landscape than Müllerian mimicry, with a moving optimum as colonisation
of new elevations takes place. Thus, it could be predicted that smaller effect mutations would
be more advantageous in such evolutionary trajectories. Moreover, as discussed in previous
sections, adaptation to high altitude is as multifaceted as the environment, thus we can predict
a more polygenic mode of adaptation than with colour pattern mimicry. The remarkable
knowledge of Heliconius natural history together with the genomic resources and methods
developed for colour pattern genetics, make them an ideal system for studying adaptation to
altitude.

Figure 1.1 A) Heliconius species richness variation across the Neotropics. Reproduced from Neil
Rosser and Jiggins 2016. B) Distribution map of H. erato and H. melpomene for areas nearby the
Andes. All records available at the ‘Heliconiine Butterfly Collection Records from University of
Cambridge’ at Global Biodiversity Information Facility (GBIF, Jiggins et al. 2019).

1.4 Outline of thesis
In this thesis I investigate adaptation to altitude in Heliconius butterflies (Figure 1.2). In
Chapter 2 I study patterns of wing morphological variation across species, populations,
life-histories, and altitudes, taking advantage of the well-known natural history of these
butterflies and a large collection of wings from across the range. In Chapter 3, firstly, I
describe microclimate variation within forests and across elevations in both sides of the
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Andes. Secondly, I measure heat tolerance in several species and populations in the wild,
and thirdly, I use a common-garden rearing experiment to test the plasticity of thermal
tolerance in a widespread species, H. erato. In Chapter 4, I study the population genomic
differentiation across population trios at highland, lowland, and lowland distant populations
in four independent clines, two in each side of the Andes, for H. erato and H. melpomene.
With a dataset of over 600 re-sequenced whole-genomes, I aim to find the genetic basis
of adaptation to altitude and its convergence across space and species, while discussing
the potential mechanisms giving rise to any potential parallelism. In Chapter 5, I link a
potentially adaptive phenotype identified in Chapter 2 to its genotype, by first estimating
heritability with 71 common-garden reared broods of H. erato and H. melpomene, and then
carrying out a large association study with a published genomic dataset. Finally, in Chapter 6
I discuss the impact, challenges, and future directions of this work.

Figure 1.2 Graphical thesis outline. Photo credit: Chris Jiggins, McGuire Center for Lepidoptera and
Biodiversity, Florida Museum of Natural History, University of Florida.





2

Altitude and life-history shape the evolu-
tion of Heliconius wings

2.1 Abstract
Phenotypic divergence between closely related species has long interested biologists. Taxa
that inhabit a range of environments and have diverse natural histories can help understand
how selection drives phenotypic divergence. In butterflies, wing colour patterns have been
extensively studied but diversity in wing shape and size is less well understood. Here
we assess the relative importance of phylogenetic relatedness, natural history and habitat
on shaping wing morphology in a large dataset of over 3500 individuals, representing 13
Heliconius species from across the Neotropics. We find that both larval and adult behavioural
ecology correlate with patterns of wing sexual dimorphism and adult size. Species with
solitary larvae have larger adult males, in contrast to gregarious Heliconius species, and
indeed most Lepidoptera, where females are larger. Species in the pupal-mating clade
are smaller than those in the adult-mating clade. Interestingly, we find that high-altitude
species tend to have rounder wings and, in one of the two major Heliconius clades, are
also bigger than their lowland relatives. Furthermore, within two widespread species we
find that high-altitude populations also have rounder wings. Thus, we reveal novel adaptive
wing morphological divergence among Heliconius species beyond that imposed by natural
selection on aposematic wing colouration.
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2.2 Introduction
Identifying the selective forces driving phenotypic divergence among closely related species
lies at the core of evolutionary biology research. Adaptive radiations, in which descendants
from a common ancestor rapidly fill a variety of niches, are ideal systems to investigate
morphological divergence (Schluter, 2000). The study of adaptive radiations has revealed
that evolution often comes up with similar solutions for similar problems at the phenotypic
and genetic levels (Losos, 2010; Marques et al., 2019) . Speciose groups that have repeatedly
and independently evolved convergent adaptations to life-history strategies and environments
are good systems in which study selection drivers (Schluter, 2000). Nevertheless, adaptive
phenotypic evolution is often complex and multifaceted, with more than a single selective
force in action (Maia et al., 2016; Nosil et al., 2018) . For example in birds, sex differences
in plumage colouration are driven by intra-specific sexual selection, while natural selection
drives sexes towards more similar colourations (Dunn et al., 2015). Integrative approaches
that make use of tractable traits across well-resolved phylogenies are needed to explore the
selective forces driving phenotypic evolution.

Butterfly wing colouration has been the focus of considerable research effort and major
strides have been made towards understanding how and when evolution leads to complex
wing colour patterns, conferring aposematism, camouflage, or a mating advantage (Merrill
et al., 2012; Chazot et al., 2016; Nadeau et al., 2016a). The dazzling diversity of butterfly
colour patterns among species has perhaps obscured the less conspicuous phenotypic diversity
of wing shapes and sizes, which are more often regarded as the result of sexual selection,
flight trade-offs or developmental constraints (Singer, 1982; Allen et al., 2011), rather than
drivers of local adaptation and species diversification (Srygley, 2004; Cespedes et al., 2015;
Chazot et al., 2016). A recent review assessing the ecology of butterfly flight, identified
habitat, predators and sex-specific behaviours as the selection forces most likely driving wing
morphology variation, but highlighted the need for further phylogenetic comparative studies
that identify the adaptive mechanisms shaping wings (Le Roy et al., 2019).

Differences in behaviour between sexes have been identified as one of the main drivers of wing
aspect ratio and size sexual dimorphism in insects (Rossato et al., 2018a; Le Roy et al., 2019).
In butterflies, males tend to spend more time looking for mates and patrolling territories, while
females focus their energy on searching for suitable host plants for oviposition (Rossato
et al., 2018b). The same wing trait can be associated with different life history traits
in each sex, resulting in sex-specific selection pressures. For example, in the Nearctic
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butterfly Melitaea cinxia, wing aspect ratio only correlates with dispersal in females, as
males experience additional selection pressures that counteract selection for dispersal wing
phenotypes (Breuker et al., 2007). Sex-specific behaviours can impact wing aspect ratio and
size, but differences in life histories, even across closely related species, could also have
large impacts on the strength and direction of these effects (Cespedes et al., 2015; Chazot
et al., 2016).

Another important source of phenotypic variation in insect wings is the physical environment
they inhabit throughout their range. Air pressure decreases with altitude, which in turn
reduces lift forces required for flight. To compensate for this, insects may increase wing area
relative to body size to reduce the velocity necessary to sustain flight (Dudley, 2002; Dillon,
2006). Wing aspect ratio in Drosophila melanogaster has been observed to vary adaptively
across latitudes and altitudes, with wings getting rounder and larger in montane habitats,
possibly to maintain flight function in lower air pressures (Stalker and Carson, 1948; Pitchers
et al., 2013; Klepsatel et al., 2014).

In butterflies, high aspect ratios, i.e. long and narrow wings, reduce drag caused by wing
tip vortices, thus lowering the energy required for flight and promoting gliding for longer
distances (Le Roy et al., 2019). Variation in wing phenotypes can occur at the microhabitat
level, for example Morpho butterfly clades in the understory have rounder wings than canopy-
specialist clades, presumably for increased manoeuvrability (Chazot et al., 2016). An extreme
case of environmental effects on wing morphology can be found in Lepidoptera inhabiting
the windy, barren highlands of the Andes, where an interaction between behavioural sex
differences and extreme climatic conditions have led to flightlessness in females of several
species (Pyrcz et al., 2004).

Heliconius is a genus of Neotropical butterflies that has been studied for over two centuries
with a well resolved phylogeny (Kozak et al., 2018, 2015). It represents a striking case of
Müllerian mimicry, with co-occurring subspecies sharing warning wing colour patterns to
avoid predators and leading to multi-species mimicry rings across South America (Merrill
et al., 2015). Wing aspect ratio and size are part of the mimetic signal (Jones et al., 2013;
Mérot et al., 2016; Rossato et al., 2018b). Wing morphology is involved in many aspects
of Heliconius biology other than mimicry, such as mating or flight mode, but these have
been less well studied (Rodrigues and Moreira, 2004; Srygley, 2004; Mendoza-Cuenca and
Macías-Ordóñez, 2010). As the only butterflies that pollen-feed, their long life-spans and
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enlarged brains allow them to memorise foraging transects that are repeated daily following
a short dispersal post-emergence phase of up to 1.5 km (Cook et al., 1976; Jiggins, 2016).

Larval gregariousness has evolved independently three times across the phylogeny, with some
species laying clutches of up to 200 eggs, while others lay eggs singly and larvae are often
cannibalistic (Beltrán et al., 2007). Gregarious Heliconius species would be predicted to
have larger-sized females to carry the enlarged egg load, as is the case with most Lepidoptera
(Allen et al., 2011). Another striking life history trait is pupal-mating, which is only found in
one of the two major clades (hereafter the ‘erato clade’), having arisen following the most
basal split in the Heliconius phylogeny. This mating strategy involves males copulating
with females as they emerge from the pupal case (Deinert et al., 1994; Beltrán et al., 2007).
Pupal-mating leads to a whole suite of distinct selection pressures but these are hard to tease
apart from the effects of phylogeny due to its single origin (Beltrán et al., 2007; Thurman
et al., 2018). Further ecological differences could arise from adaptation to altitude. Some
species are relatively high-altitude specialists, such as H. telesiphe and H. hierax found above
1000m, whilst others range widely, such as H. melpomene and H. erato, which can be found
from 0 to 1800 m above sea-level (Rosser et al., 2015; Jiggins, 2016). Potential adaptations
to altitude are yet to be explored.

The wide range of environments that Heliconius species inhabit, together with their diverse
natural history and well-resolved phylogeny make them a good study system for teasing
apart the selective forces driving wing phenotype (Merrill et al., 2015; Jiggins, 2016). Here
we examine variation in wing aspect ratio and size across 13 species that span most of the
geographical range of the Heliconius genus. First, we photographed thousands of wings
collected by many Heliconius researchers since the 1990s from wild populations across South
and Central America, covering a 2100 m elevation range (Figure 2.1 A). Wing dimensions
for 3515 individuals, obtained with an automated pipeline and standardised images, were
then used to address the following questions. (1) Are there size and aspect ratio sexual
dimorphisms, and if so, do they correlate with known life-history traits? (2) To what extent
are wing aspect ratio and size variation explained by shared ancestry? (3) Are wing aspect
ratio and size affected by the elevations species inhabit?
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2.3 Methods
2.3.1 Study collection
The wild specimens studied here were collected using hand nets between 1998 and 2018
in 313 localities across Panama, Colombia, Ecuador, French Guiana, Suriname, and Peru
(Figure 2.1 A), and stored in the Department of Zoology, University of Cambridge (Earthcape
database). Collection altitudes ranged from sea level to 2100m above sea level (Figure 2.1
A) . Detached wings were photographed dorsally and ventrally with a DSLR camera with a
100 mm macro lens in standardised conditions. All the images are available in the public
repository Zenodo (link to respository) and full records with data are stored in the EarthCape
database (https://heliconius.ecdb.io).

2.3.2 Wing measurements
Damage to wings was manually scored in all the images and damaged specimens were
excluded from our analyses. To obtain wing measurements from the images, we developed
custom scripts for Fiji (Schleuning et al., 2011), to automatically crop, extract the right or
left forewing, and perform particle size analysis (Figure 2.1 B). Butterflies predominantly
use their forewings for flight (Wootton, 2002; Le Roy et al., 2019) and hindwings tend to be
more damaged in Heliconius due to in-flight predation and fragile structure, thus we only
include forewings here. Forewing and hindwing areas are tightly correlated in this genus
(Strauss, 1990). For wing area, we obtained total wing area (in mm2, hereafter ‘size’).

For examining wing aspect ratio, the custom scripts first fitted an ellipse to the forewings and
measured the length of the longest axis and the length of the axis at 90 degrees to the former
(Figure 2.1 C). Aspect ratio corresponds to the length of the major axis divided by the length
of the minor axis, hereafter ‘aspect ratio’ (Figure 2.1 C). The data were checked for visual
outliers on scatter-plots, which were examined, and removed from the analyses if the wing
extraction pipeline had failed.

2.3.3 Statistical analyses
All analyses were run in R V2.13 (R Development, 2011) and graphics were generated with
the package ggplot2 (Ginestet, 2011). Packages are specified below. All R scripts can be
found in the public repository Zenodo (Zenodo: https://doi.org/10.5281/zenodo.3491029),
including custom Fiji scripts for wing image analysis. Species and sexes mean trait values
were calculated for the 13 Heliconius species in our study. Each species had more than

https://zenodo.org/communities/butterfly/
https://heliconius.ecdb.io
https://doi.org/10.5281/zenodo.3491029
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30 individuals and all individuals had accurate locality and altitude data (S.I.: Table 2.2),
resulting in a dataset of 3515 individuals.

Sexual dimorphism across species
Sexual dimorphism in wing area and aspect ratio was estimated as the female increase in
mean wing area and aspect ratio with respect to males, thus negative values represent larger
trait values in males, while positive values represent larger trait values in females. Pairwise
t-tests were used to estimate the significance of sexual size/shape dimorphism in each species.

We modelled variation in wing area and aspect ratio sexual dimorphism across species
with ordinary least squares (OLS) linear regressions, implemented in the ‘lm’ function.
For models of sexual wing area and aspect ratio sexual dimorphism, predictor variables
initially included larval gregariousness of the species (gregarious or solitary, as classified
in Beltrán et al. 2007), mating strategy (pupal-mating vs. adult-mating clade), species
mean wing aspect ratio and area, and species wing aspect ratio or size sexual dimorphism
(respectively). Wing size sexual dimorphism had a marginally significant phylogenetic
signal (Abouheif Cmean=0.25, p=0.05), so we present the sexual size dimorphism model
incorporating phylogeny as correlation term in the Supplementary Information (S.I., Table 2.4
and Table 2.5). We used backward selection with Akaike Information Criterion corrected
for small sample sizes (AICc, Hurvich and Tsai 1989) where the best models had the lowest
AICc values, implemented with the package MuMin (Bartón, 2018). We report the overall
variation explained by the fitted linear models (R2) and the relative contributions of each
explanatory variable (partial R2), estimated with the package relaimpo (Grömping, 2006).

Variation across species
To test whether variation in wing aspect ratio and area across species was constrained by
shared ancestry, we calculated the phylogenetic signal index Abouheif’s Cmean (Abouheif,
1999) which is an autocorrelation metric suitable for datasets with a relatively low number
of species and that does not infer an underlying evolutionary model (Münkemüller et al.,
2012). Observed and expected distribution plots for phylogenetic signal estimates are shown
in the Supplementary Information and were computed with the package adephylo (Jombart
and Dray, 2010). We used a pruned tree with the 13 species under study from the most
recent molecular Heliconius phylogeny (Kozak et al., 2015). We plotted centred trait means
across the phylogeny with the function barplot.phylo4d() from the package phylosignal (Keck
et al., 2016). To test and visualise phylogenetic signal further, we built phylocorrelograms
for each trait with the function phyloCorrelogram() of the same package, which estimates
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Moran’s I autocorrelation across matrices with varying phylogenetic weights. Then, the
degree of correlation (Morans’ I) in species trait values can be assessed as phylogenetic
distance increases (Keck et al., 2016).

To study variation in wing area and aspect ratio across species we took a phylogenetic
comparative approach. These methods assume that species-specific mean trait values are a
good representation of the true trait values of the species under study, in other words, that the
within-species variation is negligible compared to the across-species variation (Garamszegi,
2014). To test this, we first used an ANOVA approach, with species as a factor explaining
the variation of mean trait values. We then estimated within-species trait repeatability, or
intra-class correlation coefficient (ICC), with a linear mixed model approach. This requires
the grouping factor to be specified as a random effect, in this case species, with a Gaussian
distribution and 1000 parametric bootstraps to quantify uncertainty, implemented with the
function rptGaussian() in rptR package (Stoffel et al., 2017). By specifying species as a
random effect, the latter approach estimates the proportion of total trait variance accounted for
by differences between species. A trait with high repeatability indicates that species-specific
trait means are reliable estimates for further analyses (Stoffel et al., 2017). We, nevertheless,
accounted for within-species variation in the models described below.

To test the effect of altitude on wing aspect ratio and size across species, we used a phy-
logenetic generalised least squares (PGLS) approach. Species wing trait means may be
correlated due to shared ancestry (Freckleton et al., 2002; Chazot et al., 2016). Therefore,
to explore the effects of the environment on the traits under study, models that incorporate
expected correlation between species are required, such as PGLS. Although often ignored,
these models assume the presence of phylogenetic signal on the model residuals of the trait
under study (here wing aspect ratio or size) controlling for covariates that affect the trait
mean (allometry, sex ratio) , and not just phylogenetic signal on the species mean trait values
(Revell, 2010; Garamszegi, 2014). Thus, to check if this assumption was met we estimated
phylogenetic signal as described above (Keck et al., 2016) for the residuals of a generalised
least squares (GLS) of models that had wing aspect ratio or size as response variables, and
the size and aspect ratio (respectively) and sex ratio as explanatory variables, to ensure this
assumption of PGLS model was met. To visually inspect phylogenetic signal on the residuals
we obtained phylogenetic correlograms for these and centred trait residuals for plotting
across the phylogeny as detailed above for trait means (presented in the S.I., Figure 2.8 and
Figure 2.9 (Keck et al., 2016).
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Significant phylogenetic signal was detected in mean wing size and in the residuals of both
traits, wing aspect ratio and area regression models (S.I., Figure 2.9, Figure 2.10), so we used
maximum log-likelihood PGLS regression models with the phylogenetic correlation fitted
as a correlation term, implemented with the gls() function from the nmle package (Pinheiro
et al., 2007). We assumed a Brownian motion model of trait evolution for both traits, by
which variation across species accumulated along all the branches at a rate proportional to
the length of the branches (Freckleton et al., 2002). To select the most supported model given
the available data, i.e. one that improves model fit while penalising complexity, we used the
Aikaike Information Criteria corrected for small sample sizes (AICc, Hurvich and Tsai 1989),
where the best models had the lowest AICc values, implemented with the package MuMin
(Bartón, 2018). Maximal PGLS models included species mean altitude and distance from
the Equator (to control for potential latitudinal clines), sex ratio in our samples interacting
with either wing aspect ratio or wing size, to control for potential allometric and sexual
dimorphism relationships, which could be different among closely-related taxa (Outomuro
and Johansson, 2017). Most species are found in the Andean mountains or the Amazonian
region near the Equator, so we did not have much power to examine variation with latitude in
wing aspect ratio and size across species, but we included distance from the Equator as an
explanatory variable in the PGLS models to account for it. Minimal PGLS models consisted
of the trait under study explained solely by its intercept, without any fixed effects. All model
selection tables can be found in the S.I. (Figure 2.8, Figure 2.10). Finally, we weighted PGLS
regressions to account for unequal trait variances and unbalanced sample sizes across species
(for sample sizes and standard errors of species’ trait means see S.I. Table 2.2). This was
achieved by modifying the error structure of the model with combined variances obtained
with the function varFixed() and specified with the argument ‘weights’ (Pinheiro et al., 2007;
Paradis, 2012; Garamszegi, 2014). In this study, 74.8% of the individuals were collected
in the last 10 years, thus we did not have power to detect any changes in wing morphology
across species potentially incurred by climate change (Figure 2.6). Future studies could focus
on temporal changes in wing morphology in areas and species that have been well sampled
throughout the years.

Variation within species
We selected the two most abundant and geographically widespread species within our dataset,
H. erato (n=1685) and H. melpomene (n=912) (S.I. Table 2.2), to examine variation in wing
area and aspect ratio within species. We modelled variation in size and aspect ratio with
ordinary least squares (OLS) linear regressions for each species, implemented in the ‘lm’
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function. For all models, predictor variables initially included the terms altitude, distance
from the Equator, longitude, aspect ratio or wing area, and sex, as well as the plausible
interactions between them (Table 2.6). We then used step backward and forward selection
based on AIC with the function stepAIC(), from the MASS package (Ripley, 2011; Zhang,
2016) (full models and model selection tables in S.I. Table 2.6, Table 2.7).

Figure 2.1 Localities and forewing measurements. (A) Map of exact locations (n=313) across South
America from where the samples used for our analyses were collected. Points are coloured by altitude.
(B) Representative of a right forewing image of H. melpomene malleti. (C) Measurements taken from
each wing by fitting an ellipse with Fiji custom scripts.
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2.4 Results
We obtained intact-wing measurements for 3515 individuals of 13 Heliconius species from
across the phylogeny and from over 350 localities (Figure 2.1, Table S1). We have made all
of these wing images publicly available at the Zenodo repository.

2.4.1 Sexual Dimorphism
Sexual dimorphism in wing area was found throughout the phylogeny, but in opposing
directions in different species (Figure 2.2). Mean sizes were significantly or marginally
significantly different among sexes in nine species, all of which were represented by more
than 40 individuals (S.I., Table 2.3 for two sample T-test summary statistics), indicating that
the non-significant trends in other species probably reflect a lack of power caused by low
numbers of females typically collected in the wild (S.I., Table 2.2). The six species with trends
toward larger females have gregarious larvae (pink, Figure 2.2), whereas the seven species
with trends toward larger males lay eggs singly (black, Figure 2.2). Larval gregariousness
alone explained 69% of the total natural variation in sexual size dimorphism across species
(Table 2.1; Gaussian LM: F1,11= 27.2, P<0.001, R2=0.69). There was a marginally significant
phylogenetic signal in sexual size dimorphism (Abouheif’s Cmean=0.24, P=0.05; S.I.,
Figure 2.8), so we repeated the analysis accounting for phylogeny and the results are presented
in the Supplementary Information. This would be expected from the evolutionary history of
gregariousness, as it is present in all species of three lineages that are well represented in our
study (Beltrán et al., 2007). However, when accounting for phylogenetic correlation in the
model larval gregariousness remained a significant predictor of size sexual dimorphism (S.I.,
Table 2.5).

Sexual dimorphism in wing aspect ratio was found in three species (Fig. Figure 2.9), H. erato

and H. wallacei had longer-winged males whereas the high-altitude specialist H. eleuchia had
longer-winged females (Table Table 2.3, T-test, H. erato: t843=10.4, P<0.0001, H. eleuchia:
t49=-2.3, p<0.05, H. wallacei: t19=2.2, P<0.05 ). Wing aspect ratio sexual dimorphism across
species could not be explained with the variables here studied and had no phylogenetic signal
(Abouheif’s Cmean=-0.02, P=0.3; S.I., Figure 2.8).

2.4.2 Phylogenetic signal
The 13 Heliconius species studied differed significantly in wing area and aspect ratio
(ANOVA, Aspect ratio: F12, 3502 = 228.4, P < 0.0001, Area: F12, 3502 = 216.4, P < 0.0001;
Tukey-adjusted comparisons S.I. Figure 2.7). We estimated within-species trait repeatability
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Figure 2.2 Sexual wing area dimorphism across species and the phylogeny. (A) Wing size differences
between males (grey) and females (white) of the seven single egg-laying species and (B) the six
gregarious species in this study. Error bars represent 95% confidence intervals of the means. Stars
represent significance levels of two sample t-tests between female and male wing areas for each species
(•<0.1, *< 0.05, **<0.01, ***<0.001), for full t-tests output see Table S1. (C) Bar plot represents
sexual size dimorphism calculated as percentage difference in female vs. male size (positive means
bigger females, right panel). Species with gregarious larvae are coloured in pink, and those with
solitary larvae are coloured in black.

to assess their reliability as species mean estimates for phylogenetic analyses. Wing aspect
ratio had higher intra-class repeatability than wing area, with 74% and 48% of the total aspect
ratio and size variance explained by differences between species, respectively (Aspect ratio:
R=0.74, S.E.=0.09, P<0.0001; Size: R=0.48, S.E.=0.1, P<0.0001). We estimated intra-class
repeatability for males and females separately to remove the potential effect of size sexual
dimorphism on trait variation, and male size repeatability remained much lower than male
wing aspect ratio repeatability (male aspect ratio: R=0.75, S.E.=0.08, P<0.0001; male Size:
R=0.53, S.E.=0.1, P<0.0001). Females had the same wing aspect ratio repeatability as
males, whereas wing size repeatability was lower for females probably due to smaller sample
sizes (female aspect ratio: R=0.75, S.E.=0.05 P<0.0001; female Size: R=0.44, S.E.=0.1,
P<0.0001).
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Table 2.1 Summary of model outputs derived from the interspecific analyses of sexual size dimor-
phism, wing aspect ratio and area phylogenetic generalised least squares. For the latter, summary
statistics are presented for the overall model and the explanatory variable of interest, altitude. Full
model tables for PGLS can be found in the Supplementary Materials (Table 2.3).

Response variable
(wing trait).

Trait
repeatability (R). Model type Corr. structure Fixed effects Est. S.E. t-value p-value d.f. (res) Adj.

R2

Sexual
size dim. NA lm Gaussian

(Intercept)
Solitary larvae

4.72
-10.5

1.35
2.0

3.5
-5.2

0.004***
0.0001*** 13 (11)

-
0.69

Wing shape
(aspect ratio) 0.74 (p=0) PGLS (nmle)

Phyl.,
intra-sp var.,
sample size

(Intercept)
Altitude

0.15
-1.5E-4

0.53
6.3E-5

0.27
-2.4

0.79
0.040* 13 (9) NA

Wing size (area) 0.48 (p=0) PGLS (nmle) Phyl.,
intra-sp var.,

sample size
(Intercept)
Altitude

474.52
0.16

75.37
0.04

6.30
3.47

0.00
0.008** 13 (8) NA

Mean wing aspect ratio showed no phylogenetic signal (Abouheif’s Cmean=0.15, P=0.1;
S.I.: Figure 2.8, Figure 2.10 B), in other words closely-related species were not more similar
to each other than to distant ones. In contrast, mean wing area showed a strong phylogenetic
signal, by which phylogenetically closely-related species were more likely to have similar
wing areas (Figure 2.3, Abouheif’s Cmean=0.33, P=0.01; S.I.: Figure 2.8, Figure 2.11 A,
B). Wing areas of species in the melpomene clade were on average 14.8% larger than those
of species in the erato clade, with H. timareta being 64% larger than H. sara (Figure 2.3,
H. timareta: mean=606.6 mm2, s.e.=3.1; H. sara: mean=387 mm2, s.e=2.9). Nevertheless,
when controlling for sex ratios and allometry on the traits under study, wing aspect ratio
and size, the residuals of both traits show a strong phylogenetic signal (S.I.: Figure 2.10,
Figure 2.11, AC; Aspect ratio residuals: Abouheif’s Cmean=0.42, P<0.001; Figure 2.8 A,
C- Size residuals: Abouheif’s Cmean=0.44, P<0.001). These results support the use of
phylogenetic models to study variation in wing aspect ratio and size across species.

2.4.3 Patterns across species and altitudes
Species mean altitude had an effect on wing area and aspect ratio (Table Table 2.1). Species
wings got rounder, i.e. lower aspect ratios, with increasing altitudes both when accounting
for fixed effects and the phylogeny (Table 2.1, full model Table 2.5). These patterns were
also evident when examining raw mean wing aspect ratios (Figure 2.4 A, Gaussian LM: F1, 9

= 5.37, P < 0.05, R2=0.30), except in the H. telesiphe and H. clysonymus highlands clade,
which showed significant phylogenetic autocorrelation (Moran’s I index: H. clysonymus 0.53,
H. telesiphe 0.49). Species wings got larger with elevation (Table 1, full model Table S4).
Without accounting for phylogeny or any fixed effect this is only evident in the erato clade,
where high altitude species were bigger than their lowland sister species (Figure 2.4 B, blue,
Gaussian LM: F1,10= 17.1, R2=0.80, p=0.03). However, when assessing individuals from all
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Figure 2.3 Male wing area differences across the phylogeny. (A) Bar plot represents centred mean
wing area per species (positive values represent species with bigger wings than the average Heliconius
wing). Wing area, x-axis, is the difference in wing area from the mean (in mm2). Error bars represent
standard errors. The star represents the origin of pupal-mating. Species from the erato clade are in
blue, and those from the melpomene clade are in orange. (B) Representatives of H. timareta and H.
sara closest to the mean wing area of the species are shown (606.25 mm2 and 386.6 mm2, respectively).
(C) Images from (B) superimposed to compare visually the mean size difference between the two
species.

species together, it becomes clear that larger individuals of both clades tend to be found at
higher altitudes (Figure 2.13). Both wing size and wing aspect ratio were also significantly
correlated with distance from the Equator, and wing aspect ratio was affected by species sex
ratio too (S.I. Table 2.5).

2.4.4 Patterns within species and across altitudes
Wings got rounder (lower aspect ratio) with increasing altitude in H. erato and H. melpomene

(Figure 2.5. H. erato: Gaussian LM: F6, 1296 = 32.7, P < 0.001, R2=0.13; H. melpomene:
Gaussian LM: F6, 673 = 20.1, P < 0.001, R2=0.14). Individual altitude was the strongest
predictor of wing aspect ratio for both species, with sex and wing area being second best
in H. erato and H. melpomene, respectively (Table 2.7, Figure 2.18 A and B, Figure 2.5).
Conversely, the relative importance of explanatory variables of wing area varied for each
species (Table S6, Figure 2.18 A and B, Figure 2.5), and the H. erato model explained less of
the overall variation in wing area (Fig. Figure 2.16, H. erato: Gaussian LM: F7,1295 = 9.36, P
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Figure 2.4 Species variation in wing aspect ratio (A) and wing area (B). Plots show the effect of
altitude (meters above sea level) on wing aspect ratio (major axis/minor axis, higher values represent
longer wings) and wing area (mm2). Points represent species mean raw values per species. Horizontal
and vertical lines show standard error for species mean altitude and mean trait, respectively. Lines
show best linear fit and are coloured by clade when clade was a significant predictor (blue: erato
clade, orange: melpomene clade). Shaded areas show confidence bands at 1 standard error. The point
labels correspond to the first three characters of the following Heliconius species: H. telesiphe, H.
clysonymus, H. erato, H. eleuchia, H. sara, H. doris, H. xanthocles, H. hierax, H. wallacei, H. numata,
H. melpomene, H. timareta, H. cydno. Two species, H. telesiphe and H. clysonymus, showed high
levels of phylogenetic autocorrelation (Figure 2.12) and were thus excluded from the linear model
plotted (but not from the main analyses where phylogeny is accounted for).

< 0.001, R2=0.04, H. melpomene: Gaussian LM: F7, 672 = 23.06, P < 0.001, R2=0.18). Wing
area in H. erato was correlated with allometric factors interacting with altitude, whereas wing
area in H. melpomene was correlated with distance from the Equator (Table 2.7, Figure 2.15
and Figure 2.18 C and D). Wing area and aspect ratio differed among co-mimicking races of
H. erato and H. melpomene, despite inhabiting the same geographic areas (Figure 2.17).



2.4 Results 27

Figure 2.5 Within-species variation in wing aspect ratio across altitudes inH. erato (blue) and H.
melpomene (orange), females (triangles, dotted line) and males (circles, solid line). Lines show best
linear fit and are colored by species. Shaded areas show confidence bands at 1 standard error. Pearson
correlation coefficients and p-values are shown for each regression plotted.
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2.5 Discussion
The fascination for butterfly wing colouration has stimulated many generations of research
and Heliconius wing patterns have proven to be excellent study systems for understanding
evolution and speciation. Here we have extended this research by examining wing shape and
size variation among more than 3500 individual butterflies, across sexes, clades, and altitudes
in 13 species of Heliconius butterflies. We have shown that a large proportion of female biased
sexual size dimorphism can be explained by the evolution of larval gregariousness, and that
male biased sexual size dimorphism is present only in species that lay eggs singly, regardless
of their mating strategy. For the first time in this system, we describe wing morphological
variation across environmental clines, with species and populations found at higher altitudes
consistently having rounder wings. Here we demonstrate that Heliconius wing area and
aspect ratio are potentially shaped by a plethora of behavioural and environmental selection
pressures, in addition to those imposed by Müllerian mimicry.

2.5.1 Wing aspect ratio variation
Wing aspect ratio in butterflies and other flying animals determines flight mode and speed
(Farney and Fleharty, 1969; Buler et al., 2017), and is therefore predicted to vary with
life-history requirements across sexes and species. Despite being a simple descriptor of wing
shape, aspect ratio has been demonstrated to correlate functionally with gliding efficiency
in butterflies by increasing lift-to-drag ratios (Ortega Ancel et al., 2017; Le Roy et al.,
2019). Long wings are generally associated with faster gliding flying, whereas round wings
with low aspect ratio values favour slow but more manoeuvrable flight motions (Betts and
Wootton, 1988; Chai and Srygley, 1990; Chazot et al., 2016; Le Roy et al., 2019). For
instance, monarch butterfly populations with longer migrations have more elongated wings
than resident populations (Satterfield and Davis, 2014), and males of Morpho species that
dwell in the canopy also have higher aspect ratios to glide faster through open areas (DeVries
et al., 2010). In contrast, female Morpho butterflies tend to have rounder wings, and aspect
ratio sex differences are stronger in species with colour dimorphism, as varying crypsis may
require specific flight behaviours (Chazot et al., 2016).

Heliconius are not notoriously sexually dimorphic especially when compared to other but-
terflies such as Morpho (Chazot et al., 2016; Jiggins, 2016). However, there are important
behavioural differences between the sexes. Females are thought to have different flight habits,
as they spend much of their time looking for specific host plants for oviposition (Dell’Aglio
et al., 2016), or precisely laying eggs on suitable plants, while males tend to patrol open areas
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searching for receptive females and visit flowers more often (Joron, 2005; Jiggins, 2016).
Thus, it might be predicted that females should have lower aspect ratios, i.e. rounder wings,
than males (Jones et al., 2013). However, we only found three species with significant, but
opposing, sexually dimorphic wing aspect ratios. The wings of males in H. erato were longer
than the wings in females, whereas male H. eleuchia and H. wallacei had rounder wings
than those of females (S.I. Figure 2.8). Heliconius wing shape sex differences may require
multivariate descriptors of wing morphology and/or analysis of the hindwings, which possess
the pheromone-dispersing androconial patch in males (Jones et al., 2013; Mérot et al., 2013,
2016). In addition, the relatively low collection numbers of female Heliconius could hinder
the detection of subtle wing aspect ratio differences across the sexes.

Sexual selection has long been known to affect wing colour pattern in Heliconius, as it is used
for mate recognition and choice (Merrill et al., 2012). More recently, wing aspect ratio has
been shown to be part of the mimetic warning signal in Heliconius and their co-mimics (Jones
et al., 2013), as it determines flight motion and defines the overall appearance of the butterfly
(Srygley, 1994, 2004). For instance, wing aspect ratios between two different morphs of H.

numata differed consistently across their overlapping ranges, in parallel with their respective
and distantly related Melinea co-mimics (Jones et al., 2013). Within-morph wing aspect
ratio variation was observed across the altitudinal range of H. timareta in Peru (Mérot et al.,
2016), and in the Heliconius postman mimicry ring in Brazil significant across-species wing
aspect ratio differences were also found (Rossato et al., 2018a). These studies highlight that
while it is clear that colour pattern and, to some extent, flight are important for mimicry in
Heliconius, wing aspect ratio is also subject to other selection pressures (Mérot et al., 2016;
Rossato et al., 2018b).

We found that species inhabiting higher altitudes tend have rounder wings, after accounting
for phylogeny, sample size and intra-specific variance (Figure 2.4 A), except in the H.

telesiphe – H. clysonymus clade. The latter species may require morphometric analyses of
wing tip shape alone, as the overall wing morphology differs significantly from the rest of the
Heliconius species here studied (Figure 2.12). Interestingly, these patterns were maintained
within-species, with high-altitude populations of H. erato and H. melpomene having lower
aspect ratios (Figure 2.5). Furthermore, altitude was the best predictor of wing aspect ratio
in both species (Figure 2.18). Rounder wings aid manoeuvrability and are associated with
slower flight in butterflies (Berwaerts et al., 2002; Le Roy et al., 2019) and slower flights
are generally associated with a decrease in ambient temperature (Gilchrist et al., 2000). In
addition, air pressure, which directly reduces lift forces required to offset body weight during
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flight (Dillon, 2006), decreases approximately 12% across the mean altitudinal range of
the species here studied. Thus, the rounder wings in high altitude Heliconius species and
populations may aid flying in dense cloud forests, where increased manoeuvrability could be
beneficial, or compensating for lower air pressure at higher altitude.

2.5.2 Wing area variation
Wing area showed significant sexual dimorphism in more than half of the species studied here,
but some species had larger males and others larger females (Figure 2.2). In most butterflies,
females are overall larger than males, presumably because fecundity gains of increased body
size are greater for females (Allen et al., 2011). Larger wings are required to carry larger and
heavier bodies, and so Lepidoptera females also tend to have larger wings (Allen et al., 2011;
Le Roy et al., 2019). Indeed, in this study the Heliconius species with larger-winged females
were those that lay eggs in large clutches and that have highly gregarious larvae (Figure 2.2
, Beltrán et al. 2007. A recent study on two species not included here reported wing size
dimorphism with larger females in the gregarious H. melpomenesignis ucayalensis and
larger males in the single-egg layer H. demeter joroni (Rosser et al., 2019). Thus, females
of these species are likely investing more resources in fecundity than males, which leads
to larger body and wing sizes that allow them to carry and lay eggs in clutches throughout
adulthood. Larval development time correlates with adult size in H. erato (Rodrigues and
Moreira, 2002) and growth rates seem to be the same across sexes, at least in the gregarious
H. charithonia (Kemp, 2019), so we hypothesize that females take longer to develop in
gregarious species. Selection for larger females is generally constrained by a trade-off
between the benefits of increased fecundity at the adult stage and the higher predation risk at
the larval stage associated with longer development times (Allen et al., 2011). This constraint
might be alleviated in the unpalatable larvae of Heliconius, as bigger larval and adult size
could increase the strength of the warning toxic signal to predators (Jiggins, 2016).

An extensive survey identified that only six percent of lepidopteran species exhibit male-
biased sexual size dimorphism, and that these patterns were generally explained by male-male
competition (i.e. intrasexual selection), in which larger males had a competitive advantage
(Stillwell et al., 2010; Allen et al., 2011). In contrast, nearly half of the Heliconius species
studied here have male-biased sexual size dimorphism, and all of these lay eggs singly and
have solitary larvae (Figure 2.2). Male-male competition is high for Heliconius species, as
females rarely re-mate despite their very long reproductive life-spans (Merrill et al., 2015).
In addition, large reproductive investments in the form of nuptial gifts from males can, in
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principle, explain male-biased sexual size dimorphisms, as is the case in the polyandrous
butterfly Pieris napi whose male spermatophore contains the amount of nitrogen equivalent
to 70 eggs (Karlsson, 1998; Allen et al., 2011). Male Heliconius spermatophores are not
only nutrient-rich, but also loaded with anti-aphrodisiac pheromones that prevent re-mating
of fertilised females (Schulz et al., 2008; Merrill et al., 2015). Therefore, it seems likely
that in species that lay eggs singly, sexual selection favouring larger males exceeds selection
pressures for the large female size needed to carry multiple mature eggs. To our knowledge,
Heliconius is the first example of a butterfly genus in which both female- and male-biased
size dimorphism are found and can be explained by contrasting reproductive strategies.

We found a strong phylogenetic signal for wing area, with species from the erato clade being
on average 12% smaller than those in the melpomene clade (Figure 2.3). There are many
ecological factors that could explain this pattern, and all could have contributing effects that
are hard to disentangle (Figure 2.3). Firstly, the erato clade is characterised by facultative
pupal-mating (Beltrán et al., 2007; Jiggins, 2016), by which males fight for pupae, guard
them, and mate with females as they are emerging from the pupal case (Deinert et al., 1994;
Jiggins, 2016). Smaller males have been shown to outcompete others for a spot on the female
pupal case and more successfully inseminate emerging females compared to larger, less agile
males (Deinert et al., 1994), which would remove the potential choice of females for larger
males. Secondly, pupal-mating seems to have far-reaching impacts on species life-histories
(Boggs, 1981). Species in the melpomene or adult-mating clade are polyandrous, which
leads to selection favouring large spermatophores (Boggs, 1981) to provide mated females
with abundant nutritional resources and defences that prevent them from re-mating with
other males (Cardoso et al., 2009; Cardoso and Silva, 2015). This could decrease selection
pressure for larger males in the pupal-mating clade, as nuptial gifts need not be so large or
nutrient/defence rich, leading to smaller male and female offspring. However, the single
origin of pupal-mating in Heliconius (Figure 2.2) makes it challenging to infer the impacts
of this mating strategy on wing morphology, as the behaviour is confounded by phylogeny.

Wing area across species positively correlated with altitude in the erato clade (Figure 2.4 B),
but no clear pattern was found for the melpomene clade species here studied. In contrast,
wing area variation within-species (H. erato and H. melpomene) was more correlated with
geography (distance to Equator, longitude) and allometry than with altitude (Figure 2.15).
Nevertheless, high-altitude populations of H. melpomene were slightly bigger than their
lowland conspecifics, whereas H. erato did not change (S.I., Figure 2.18). Two major
environmental factors are known to affect insect size across altitudinal clines. One is
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temperature, such that at lower temperatures, development times are longer and insects grow
larger (Chown and Gaston, 2010). This perhaps explains cases of Bergmann’s rule among
ectotherms, where larger species are found in colder climates (Shelomi, 2012; Classen et al.,
2017). In the geographical range here studied (Fig. 1), we predict temperatures to vary more
dramatically along elevational gradients than latitudinal gradients (García-Robledo et al.,
2016). We found some evidence for species being bigger with increasing latitudes when
accounting for phylogeny and allometry (Table 2.5), in accordance with Bergmann’s rule,
but more species at the extremes of the ranges are needed to clarify this (Figure 2.12).

Wing beat frequency tends to be lower at low temperatures, so larger wings are required to
compensate and gain the extra lift required for flight, as seen in Drosophila robusta (Azevedo
et al., 2006; Dillon, 2006). A second factor likely to contribute to altitude related differences
in wing area is air pressure changes and the correlated lower oxygen availability, which
affects flight motion and kinematics as well as many physiological processes. High-altitude
insects can minimise the impacts of lower air pressure by having larger wings, because this
lowers the velocity required to induce flight (Dudley, 2002).

2.5.3 Heritability
Our study demonstrates that multiple selective forces may be affecting Heliconius wing
area and aspect ratio. However, this raises the question of how plastic these traits are in the
wild. In Drosophila, the genetic architecture of wing aspect ratio appears to be complex
(Gilchrist and Partridge, 2001), and is independent of that of wing area (Carreira et al., 2011)
Within-species variability of wing area halved when flies were reared in controlled conditions
compared to wild populations whereas wing shape variability remained the same, but both
traits had a detectable and strong heritable component (Bitner-Mathé and Klaczko, 1999;
Klaczko, 1999). In this study we found that 74% of the variation in wing aspect ratio could
be explained by species identity, in contrast to 48% of the variation in wing area. This
high and moderate intra-class repeatability is indicative of heritable traits (Nakagawa and
Schielzeth, 2013). The fact that closely related species are more likely to have similar wing
morphologies, i.e. phylogenetic signal, is also indicative of species-level heritability (de
Queiroz and Ashton, 2004).

In insects wing shape is functionally more constrained than wing size. For example, genetic
manipulations of wing shape in Drosophila melanogaster have shown that even subtle
changes can have huge biomechanic impacts (Ray et al., 2016a), whereas wing/body size
differences may impact fecundity more than survival. Here we find size differences between
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sexes that can be explained by reproductive strategy, and are likely to be genetically controlled
as most sexual dimorphisms are (Allen et al., 2011).The patterns of variation in size across
altitudes or latitudes are often not due to phenotypic plasticity alone, as many studies have
shown their retention when populations are reared in common-garden conditions (Chown
and Gaston, 2010). In Monarch butterflies, for example, common-garden reared individuals
from wild populations that had different migratory habits showed a strong genetic component
for both wing aspect ratio and size (Altizer and Davis, 2010).

We have shown that different selection pressures may be shaping the evolution of wing
morphology in Heliconius and that the strength of these varies across sexes and environmental
clines. Interestingly some of these patterns are maintained at the intra-specific level, with
high-altitude populations of H. erato and H. melpomene having rounder wings (Figure 2.5),
thus potentially adapting locally to the environment in the same way that species of this
genus have adapted to altitude over longer evolutionary timescales (Figure 2.4). Future
work should assess the adaptive significance, plasticity, and heritability of these traits with
common-garden rearing and physiological assays in controlled conditions.

2.5.4 Conclusions
Here we have demonstrated how an understanding of natural and evolutionary history can
help to disentangle the putative agents of selection on an adaptive trait. Wing trait differences
across sexes, clades and environments give insight into the selective forces driving phenotypic
divergence in Heliconius, beyond the effects of natural selection imposed by Müllerian
mimicry. Our study highlights the complexity of selection pressures affecting seemingly
simple traits and the need for a thorough understanding of life history differences amongst
species.
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2.6 Supplementary Information
Table 2.2 Study species summary data. Sample sizes (N) and wing parameters for the 13 study
species, ordered phylogenetically based on the most recent Heliconius phylogeny (Kozak et al., 2015).
Male ratio refers to proportion of males in the sample.

Species N Area mean
(mm2)

Area S.E. Aspect ratio
mean

Aspect ratio
S.E.

Alt. mean
(m.a.s.l.)

Nmale Nfemale
Male
ratio

H. telesiphe 48 519.4 8.9 2.35 0.009 1302 40 8 0.83
H. clysonymus 57 537.3 8.4 2.31 0.012 1346 40 17 0.70

H. erato 1687 465.8 1.5 2.09 0.002 700 1202 447 0.73
H. eleuchia 102 500.6 8.6 2.03 0.007 1408 72 30 0.71

H. sara 225 387.2 2.9 2.17 0.006 420 164 61 0.73
H. xanthocles 36 514.6 10.3 2.04 0.009 1044 20 8 0.71

H. hierax 37 512.1 8.3 2.08 0.008 1364 29 8 0.78
H. doris 42 547.5 7.1 2.30 0.012 444 34 7 0.83

H. timareta 195 606.7 3.1 2.05 0.004 883 163 32 0.84
H. cydno 127 575.1 5.5 2.09 0.007 844 112 15 0.88

H. melpomene 867 533.3 1.9 2.05 0.002 789 683 159 0.81
H. numata 44 611.6 12.9 2.11 0.013 561 30 14 0.68
H. wallacei 48 526.3 8.2 2.18 0.011 290 37 11 0.77
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Table 2.3 Study species sexual dimorphism. Sexual size dimorphism (SSD) and sexual shape
dimorphism (SShD) two-sample t-tests summary statistics. Positive t-values indicate smaller or
longer-winged (higher aspect ratio) males (Figure 2.2).

Species
SSD

t-value

SSD

d.f.

SSD

p-value

SShD

t-value

SShD

d.f.

SShD

p-value

H. telesiphe 2.57 10 <0.05* -0.5 10 ns

H. clysonymus 1.98 24 0.06• -1.5 39 ns

H. erato 3.30 802 <0.001*** 10.4 843 <0.001***

H. eleuchia -2.61 61 <0.01** -2.3 48 <0.05*

H. sara -2.45 108 <0.05* -0.6 100 ns

H. xanthocles -0.08 13 ns 0.5 13 ns

H. hierax -0.50 8 ns 0.5 16 ns

H. doris -1.92 9 0.08 • 1.4 11 ns

H. timareta 2.03 49 0.05• -0.2 46 ns

H. cydno 0.57 18 ns 0.1 16 ns

H. melpomene 5.54 240 <0.001*** 1.6 230 ns

H. numata 2.57 24 <0.05* -0.9 33 ns

H. wallacei -1.31 16 ns 2.2 19 <0.05*
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Table 2.4 Weighted PGLS model selection table for species sexual size dimorphism (SSD), mean
wing aspect ratio and mean wing area based on AICc. All models have the species phylogeny as
correlation structure and are weighted for mean trait/fixed effects variance and sample size.

Size sexual dimorphism (SSD)

Minimal model sisd.raw 1

Maximal model sisd.raw larva + shape.mean + shsd.raw + size.mean + clade

Final model sisd.raw larva + shsd.raw + shape.mean

Step Df Resid. Dev. AICc

Initial model 6 73.7 109.8

-clade 7 73.46 99.5

-size.mean 8 75.6 93.7

Wing area (size)

Minimal model area.mean 1

Maximal model area.mean shape.mean * sex.ratio + alt.mean * dist.Eq.

Final model area.mean sex.ratio + alt.mean + dist.Eq + alt.mean*lat.mean

Step Df Resid. Dev. AICc

Initial model 6 129.5 165.9

-shape.mean*sex.ratio 7 126.0 162.4

-shape.mean 8 126.0 152.0

Wing aspect ratio (shape)

Minimal model shape.mean 1

Maximal model shape.mean size.mean * sex.ratio + alt.mean * dist.Eq

Final model shape.mean sex.ratio + alt.mean + dist.Eq

Step Df Resid. Dev. AICc

Initial model 5 -20.4 31.6

alt.mean*lat.mean 6 -19.3 17.1

- alt.mean*size.mean 7 -17.8 8.2

- size.mean 8 -17.3 1.3



2.6 Supplementary Information 37

Table 2.5 Phylogenetic Generalised Least Squares full model summaries for sexual size dimorphism,
wing shape and wing size. Correlation structures of the models are shown in the third column. Dist.
Eq.= distance from Equator, SD= sexual dimorphism.

Response variable

(wing trait)
Model type Corr. structure Fixed effects Estimate SE t-value p-value

d.f.

(res)

Sexual size

Dimorphism
PGLS (nmle)

Phylogeny,

sample size

(Intercept)

Solitary larvae

Shape sex dim.

Shape mean

-31.8

-15.8

1.8

17.8

21.4

3.0

1.3

10.3

-1.5

-5.3

1.5

1.8

0.08

0.0004***

0.2

0.1

13 (9)

Aspect ratio PGLS (nmle)

Phylogeny,

intra-sp variance,

sample size.

(Intercept)

Altitude

Dist. Eq

Sex ratio

1.93

-1.5E-4

-4.6E-2

0.70

0.23

6.3E-5

1.7E-2

0.28

8.36

-2.4

-2.7

2.5

0.00

0.04*

0.02*

0.03*

13 (9)

Area PGLS (nmle)

Phylogeny,

intra-sp variance,

sample size.

(Intercept)

Altitude

Sex ratio

Dist. Eq.

Altitude* Dist. Eq

474.52

0.16

-161.75

77.21

-0.07

75.37

0.04

73.97

16.91

0.02

6.30

3.47

-2.19

4.57

-4.66

0.00

0.008**

0.06

0.002**

0.002**

13 (8)
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Table 2.6 Model selection based on AIC of within species variation in wing aspect ratio and wing
area of H. erato and H. melpomene.

A) Aspect ratio,H. erato

Minimal model aspect.ratio 1

Maximal model aspect.ratio area.mm2 * altitude + dist.Eq. + longitude + sex

Final model aspect.ratio area.mm2 * altitude + longitude + sex

Step Res. Df Res. Dev. AIC

Initial model 1294 4.92 -7246

- dist.Eq. 1295 4.92 -7248

B) Aspect ratio, H. melpomene

Minimal model aspect.ratio 1

Maximal model aspect.ratio area.mm2 * altitude + dist.Eq. + longitude + sex

Final model aspect.ratio area.mm2 * altitude + longitude + sex

Step Res. Df Res. Dev. AIC

Initial model 704 2.3 -4070

- dist.Eq. 705 2.3 -4072

C) Wing area,H. erato

Minimal model area 1

Maximal model area aspect.ratio * altitude + dist.Eq + longitude + sex

Final model area aspect.ratio * altitude + dist.Eq + longitude + sex

Step Res. Df Res. Dev. AIC

Initial model 1294 4841609 10720

- dist.Eq. 705 2.3 -4072

D) Wing area, H. melpomene

Minimal model area 1

Maximal model area aspect.ratio * altitude + dist.Eq + longitude + sex

Final model area aspect.ratio * altitude + dist.Eq + longitude + sex

Step Res. Df Res. Dev. AIC

Initial model 704 2092210 5701

- dist.Eq. 705 2.3 -4072
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Table 2.7 Full model output table for within-species ( H. melpomene and H. melpomene) analyses of
wing aspect ratio and wing area. Relative R2 per fixed effect estimated with the package relaimpo
(Grömping, 2006) and the lmg statistic.

Trait (response) Sp. Fixed effects Res. d.f. Estimate SE t-value p-value Rel. R2

Aspect ratio
H. era.

(intercept) 1295 2.2 0.03 75.57 0.00

altitude -1.6E-04 0.00 -6.50 0.00*** 0.43

sex(female) -3.4E-02 0.01 -2.87 0.004** 0.37

area -1.8E-04 0.00 -3.73 0.00*** 0.14

longitude 4.9E-04 0.00 2.00 0.05 0.05

area*alt. 2.9E-07 0.00 5.30 0.00*** 0.02

H. melp.
(intercept) 705 2.3E+00 4.2E-02 55.08 0.00

altitude -1.4E-04 3.4E-05 -4.17 0.00*** 0.50

area -3.4E-04 6.1E-05 -5.63 0.00*** 0.23

area*alt. 2.2E-07 6.4E-08 3.40 0.001** 0.10

longitude 6.6E-04 2.6E-04 2.53 0.012* 0.09

sex(female) -4.0E-02 1.3E-02 -3.16 0.001** 0.08

sex(male) -3.1E-02 1.2E-02 -2.65 0.008** (0.08)

Wing area H. era.
(intercept) 1294 879 102.27 8.60 0.00

AR*alt. 0.25 0.05 4.80 0.00*** 0.38

longitude 0.87 0.25 3.54 0.00*** 0.18

sex(female) -19.3 11.90 -1.62 0.1 0.16

sex(male) -6.76 11.64 -0.58 0.56 (0.15)

dist.Eq. -2.35 0.84 -2.80 0.005** 0.15

altitude -0.53 0.11 -4.88 0.00*** 0.08

aspect.ratio -161 47.56 -3.40 0.00*** 0.05

H. melp.
(intercept) 704 1430 131.35 10.89 0.00

dist.Eq. -5.51 0.86 -6.38 0.00*** 0.33

longitude 1.51 0.24 6.21 0.00*** 0.18

sex(female) -39.5 12.13 -3.26 0.001** 0.18

sex(male) -13.8 11.39 -1.21 0.23 (0.18)

aspect.ratio -365 61.86 -5.91 0.00*** 0.15

AR*alt. 0.25 0.06 3.95 0.00*** 0.10

altitude -0.51 0.13 -3.92 0.00*** 0.05
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Figure 2.6 Number of Heliconius individuals in this study collected across 3-year intervals.
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Figure 2.7 Wing area (mm2, A) and wing aspect ratio (wing roundness, B) variation across species.
Species sharing a letter are not significantly different (Tukey-adjusted comparisons). Species are
ordered phylogenetically (for phylogeny see Fig. 3) and coloured by the two major clades.
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Figure 2.8 Abouheif C-mean distribution plots for six variables. Black dots depicts the observed
C-mean statistic relative to the null hypothesis of randomisations along the tips of the phylogeny.
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Figure 2.12 Local Moran’s I index values for each species for wing area mean (left) and wing aspect
ratio mean (right). Red points indicate significant positive autocorrelation in mean traits among
neighbours in the phylogeny. Estimated and plotted with the package phylosignal (Keck et al., 2016).
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Figure 2.9 Sexual wing aspect ratio dimorphism across species of the erato clade (A) and the
melpomene clade (B). Wing aspect ratio differences between males (grey) and females (white). Error
bars represent 95% confidence intervals of the means. Stars represent significance levels of two sample
t-tests between female and male wing areas for each species (•<0.08, *< 0.05, **<0.01, ***<0.001),
for full t-tests output see Table 2.3.
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Figure 2.10 Phylogenetic signal in wing shape. A) Z-transformed wing shape residuals across the
Heliconius phylogeny. B) phylogenetic correlogram of species mean wing shape. C) phylogenetic
correlogram of species wing shape model residuals. The solid black line represents Moran’s I index
of autocorrelation and the dashed black lines represent the lower and upper bounds of the confidence
95% confidence interval. The horizontal black line represents the expected value of Moran’s I under
the null hypothesis of no phylogenetic autocorrelation. The coloured bars in the x-axes show whether
the autocorrelation is significant (based on the confidence interval): red for significant positive
autocorrelation and black for non significant autocorrelation. All figures were obtained with the
package phylosignal (Keck et al., 2016).
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Figure 2.11 Phylogenetic signal in wing size. A) Centered wing size residuals across the Heliconius
phylogeny. B) phylogenetic correlogram of species mean wing size. C) phylogenetic correlogram of
species wing size model residuals. The solid black line represents Moran’s I index of autocorrelation
and the dashed black lines represent the lower and upper bounds of the confidence 95% confidence
interval. The horizontal black line represents the expected value of Moran’s I under the null hypothesis
of no phylogenetic autocorrelation. The coloured bars in the x-axes show whether the autocorrelation
is significant (based on the confidence interval): red for significant positive autocorrelation and black
for non significant autocorrelation.
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Figure 2.13 Wing area variation with altitude across individuals from all species of the erato clade
(blue) and the melpomene clade (orange). Each point represents an individual. Lines show best
linear fit and are colored by clade. Shaded areas show confidence bands at 1 standard error. Pearson
correlation coefficients and p-values are shown for each regression plotted.
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Figure 2.14 Species variation in wing area. Plot shows the correlation between distance from the
Equator (degrees) and species mean wing area (mm2). Points represent species mean raw values per
species. Horizontal and vertical lines show standard error for species mean distance from Equator
and mean wing area, respectively. The point labels correspond to the first three characters of the
following Heliconius species: H. telesiphe, H. clysonymus, H. erato, H. eleuchia, H. sara, H. doris, H.
xanthocles, H. hierax, H. wallacei, H. numata, H. melpomene, H. timareta, H. cydno.
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Figure 2.15 Within-species variation in wing area (mm2) across alt.s inH. erato (blue) and H.
melpomene (orange), females (left) and males (right). Lines show best linear fit and are colored by
species. Shaded areas show confidence bands at 1 standard error. Pearson correlation coefficients and
p-values are shown for each regression plotted.
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Figure 2.16 Species variation in raw wing aspect ratio (A) and wing area (B) inH. erato (blue) and
H. melpomene (orange). Points represent individual values. Lines show best linear fit for significant
effects. Shaded areas show confidence bands at 1 standard error. Pearson correlation coefficients and
p-values are shown for each regression plotted.
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Figure 2.17 Wing aspect ratio (A) and area (B) variation across mimicry ring wing patterns of the
two most abundant species,H. erato (blue) and H. melpomene (orange). Error bars represent 95%
confidence intervals of the means. Stars represent significance levels of two sample t-tests betweenH.
erato and H. melpomene wings for each mimicry ring (•<0.08, *< 0.05, **<0.01, ***<0.001).
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Figure 2.18 Relative importance of model predictors of within species variation wing aspect ratio (A,
B) and wing area (C, B) inH. erato (A, C) and H. melpomene (B, D). Total model adjusted R2 values
are A) 0.13, B) 0.14, C) 0.19, D) 0.19.
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Microclimate buffering and thermal toler-
ance across elevations in tropical butter-
flies

3.1 Abstract
Microclimatic variability in tropical forests plays a key role in shaping species distributions
and their ability to cope with environmental change, especially for ectotherms. Nonetheless,
currently available climatic datasets lack data from the forest interior and, furthermore, our
knowledge of thermal tolerance among tropical ectotherms is limited. We therefore studied
natural variation in the microclimate experienced by tropical butterflies in the genus Heli-

conius across their Andean range in a single year. We found that the forest strongly buffers
temperature and humidity in the understory, especially in the lowlands where temperatures
are more extreme. There were systematic differences between our yearly records and climate
databases (WorldClim2), with lower interpolated minimum temperatures and maximum
temperatures higher than expected. We then assessed thermal tolerance of ten Heliconius

butterfly species in the wild and showed that populations at high elevations had significantly
lower heat tolerance than those at lower elevations. However, when we reared populations
of the widespread H. erato from high and low elevations in a common-garden environment,
the difference in heat tolerance across elevations was reduced, indicating plasticity in this
trait. Microclimate buffering is not currently captured in publicly available datasets but
could be crucial for enabling upland shifting of species sensitive to heat such as highland
Heliconius. Plasticity in thermal tolerance may alleviate the effects of global warming on
some widespread ectotherm species, but more research is needed to understand the long-term
consequences of plasticity on populations and species.
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3.2 Introduction
Land-use and climate change are forcing organisms in the Anthropocene to move, adapt or
die (Dirzo et al., 2014). But moving in an increasingly fragmented landscape or adapting
to an ever-changing climate might be difficult for organisms usually exposed to a narrow
range of environmental conditions. Organisms restricted to stable climates or with limited
dispersal abilities have been predicted to be at particular risk of extinction (Bestion et al.,
2015; Kingsolver et al., 2013). Despite tropical ectotherms making up half of the animal
species described, our knowledge of their potential to cope with high temperatures in natural
settings is limited, especially along elevational clines (García-Robledo et al., 2016; Sheldon,
2019). We therefore need a better understanding of the ability of ectotherms to cope with
temperatures across elevations and of the climate buffering potential of tropical forests
(García-Robledo et al., 2016; Sheldon, 2019).

Since the 1960’s, the notion that "mountain passes are higher in the tropics” (Janzen, 1967)
has inspired generations of ecological and evolutionary research. Janzen’s ‘seasonality
hypothesis’ predicts that the reduced seasonality in the tropics selects for narrower thermal
tolerances than in temperate zones, which would in turn limit their dispersal across eleva-
tions (Angilletta, 2009; Nadeau et al., 2017; Sheldon et al., 2018). Subsequent empirical
studies have shown that thermal breadth of insects is indeed higher in temperate zones,
where seasonality is stronger than in the tropics (Deutsch et al., 2008; Shah et al., 2018).
Furthermore, the great level of specialisation of tropical montane species, reflected by high
levels of endemism and beta diversity at high altitudes, may highlight further temperature
specificity, and therefore susceptibility to the effects of global warming (Polato et al., 2018;
Sheldon, 2019). However, in the face of climate and land-use change in lowland habitats,
mountains can act as refugia. Some vulnerable lowland organisms are already shifting their
ranges upward (Lawler et al., 2013; Morueta-Holme et al., 2015; Scriven et al., 2015), it is
critical to ascertain the potential of ectotherms to overcome the physiological barriers that
mountains pose.

Janzen’s hypothesis has often been tested at the macroecological scale and with interpolated
data from weather stations, assuming that tropical ectotherms live at ambient air temperature
(Pincebourde and Suppo, 2016). However, this ignores the microclimate differences most
relevant to organisms inhabiting tropical forests (Potter et al., 2013). Tropical forests are
very heterogeneous habitats with a particularly steep vertical climatic gradient, such that the
understory is often more than 2°C cooler than the canopy and spanning an 11% difference in
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relative humidity (Scheffers et al., 2013). This complexity is not fully captured by interpolated
datasets often used in ecological modelling (e.g. WorldClim2, Fick and Hijmans 2017), with
mean temperatures in some cases overestimated by 1.5°C (Blonder et al., 2018; Kearney and
Porter, 2009; Storlie et al., 2014). Thus, the biological relevance of studies in the tropics
using weather station data is limited, as they are positioned specifically to minimise habitat
characteristics that can be crucial in determining the thermal tolerance of local organisms
(Frenne and Verheyen, 2016; Jucker et al., 2018; Senior et al., 2017). These biases could
become even more pronounced at higher elevations, where weather stations are very sparse
in the tropics (Fick and Hijmans, 2017; Paz and Guarnizo, 2020).

Extreme climatic events and increased daily climatic ranges may be more important determi-
nants of the biological responses to climate change than temperature mean alone (Sheldon
and Dillon, 2016). However, microclimates can buffer ambient temperatures and might act
as refugia against such extremes (Jucker et al., 2020). This buffering could encourage shifts
in forest vertical stratification across elevations, such that at higher elevations species may
become more arboreal thanks to cooler canopies (Scheffers et al., 2014). However, highly
mobile ectotherms such as flying insects often need to reach food sources hundreds of meters
apart and across different forest layers, such that behavioural buffering might not be possible.
Furthermore, ectotherms can have vastly different ecologies through different life-stages,
both in the microclimates of the forest they inhabit and in their ability to cope with thermal
extremes (Klockmann et al., 2017; MacLean et al., 2016; Pincebourde and Casas, 2015;
Steigenga and Fischer, 2009). Therefore, the fate of ectotherms in tropical forests will depend
largely on their own thermal tolerances, as well as on the availability of local climate refugia
that buffer against extreme temperatures (Nowakowski et al., 2018; Pincebourde and Casas,
2015; Scheffers et al., 2014).

Plasticity and evolutionary potential in thermal tolerance could help ectotherms cope with
human-induced climate and habitat change (Hoffmann and Sgrò, 2011). Tropical species are
predicted to have evolved reduced thermal plasticity compared to temperate species, due to
low or absent seasonality (Sheldon et al., 2018; Tewksbury et al., 2008). A recent review
found that ectotherms, in general, have low thermal tolerance plasticity, with most species
having less than a 0.5°C acclimation ability in upper thermal limits (Gunderson and Stillman,
2015; Sheldon, 2019). Detecting evolutionary change in the wild is challenging, especially
in the tropics where long-term monitoring schemes are extremely rare (Merilä and Hendry,
2014). However, in two tropical Drosophila species, moderate levels of desiccation stress
have led to adaptive evolutionary responses in lab conditions (van Heerwaarden and Sgrò,
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2014), whereas flies were not able to track the changes with higher and unrealistic levels of
desiccation stress (Hoffmann et al., 2005; Sheldon, 2019). Thus, a better knowledge of the
plasticity and evolutionary potential of thermal tolerance in tropical insect species will be
key to predicting their ability to cope with the warming climate, and tests with realistic levels
of environmental change are required.

Accurately predicting the responses of tropical ectotherms to climate and land-use change
therefore requires that we understand two complementary aspects of the system: the thermal
and humidity buffering potential of tropical forests across altitudinal gradients and the thermal
tolerance of the organisms inhabiting them. In this study we (i) measured microclimates for
a full year (temperature and humidity) across the elevational range of Heliconius butterflies
and assessed the accuracy of publicly available climatic predictions for the same locations,
(ii) tested heat tolerance of ten butterfly species in the wild and (iii) reared offspring from
high and low altitude populations of H. erato in common-garden conditions to test whether
differences observed between wild populations were genetic or plastic.
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3.3 Methods
3.3.1 Study system and butterfly collection
We collected high (mean=1398 meters above sea level, m.a.s.l.) and low (mean=495 m.a.s.l.)
altitude populations of Heliconius butterflies with hand nets along the western and eastern
slope of the Ecuadorian Andes, at a similar latitude (S.I. Figure 3.6). Every Heliconius

species encountered at each site was collected, but only those species with more than 5
individuals at each elevation (high and/or low) were included in the analyses (15 out of
329 wild individuals removed). Detached wings were photographed dorsally and ventrally
with a DSLR camera with a 100 mm macro lens in standardised conditions, and wing area
was measured with an automated pipeline in the public software Fiji (following Montejo-
Kovacevich et al. 2019). Butterflies with Heliconius melpomene malleti phenotypes were
genotyped with a restriction digest of amplified COI genes (following (Nadeau et al., 2014)),
to identify cryptic H. timareta spp. nov. individuals. All the images are available in the
public repository Zenodo (https://zenodo.org/communities/butterfly/) and full records with
data are stored in the EarthCape database (https://heliconius.ecdb.io).

3.3.2 Microclimates across altitudes
Microclimates across elevations on both sides of the Ecuadorian Andes were characterised
by recording temperature and relative humidity every hour in the understory and mid-layers
of the forest for a full year (S.I. Figure 3.6), between February 2017 and February 2018.
We used 40 HOBO temperature loggers (model: HOBO UA-001-08 8K; accuracy: 0.5°C,
resolution: 0.1°C, 10 per area) and 16 high accuracy humidity and temperature HOBO data
loggers (model: HOBO U23-001; temperature accuracy: 0.21°C; temperature resolution:
0.02°C; relative humidity accuracy: 2.5%; relative humidity resolution: 0.05%, four loggers
per area). We chose 28 forest sites that had not recently been disturbed by humans, usually
inside or near nature reserves (localities in Table S1), always over 500 m away from any
road and at least 5 m away from narrow walking trails. Seven of these were at high altitude
(mean= 1214 m.a.s.l.) and seven at low altitude (mean= 444.6 m.a.s.l.) in the eastern and
western slopes of the Andes (S.I. Figure 3.6). Sites were at least 250 m apart from each
other and in the same areas where Heliconius populations were sampled for this study. We
placed one logger in the understory (mean height= 1.16 m) and one in the subcanopy (mean
height= 10.7 m) at each site, height was measured with a laser meter. Subcanopy loggers
were as close as possible to directly above the understorey loggers, and both were hung from
tree branches with fishing line and suspended mid-air. To prevent exposure to direct solar

https://zenodo.org/communities/butterfly/
https://heliconius.ecdb.io
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radiation, temperature data loggers were secured inside a white plastic bowl and humidity
data loggers between two flat white plastic plates, allowing for horizontal air flow.

3.3.3 Heat tolerance
Heat stress resistance of wild-caught individuals was measured with a heat knockdown assay
(Huey et al., 1992; Sorensen et al., 2001). Butterflies were tested less than 12 h after they
were collected in the field, in the evening of the day they were collected and at approximately
the same altitude. Individuals were stored in envelopes with damp cotton and fed a small
amount of sugary water to standardise hydration levels before being tested. Butterflies were
placed in individual glass chambers, fitted with an instant read digital thermometer (accuracy:
1.0°C, resolution: 0.1°C). Glass chambers contained 150 g of metal beads to add weight,
covered with a Styrofoam platform for butterflies to stand on. Five chambers were introduced
at a time into a plastic hot water bath at 51°C, and we recorded the time until the interior of
the chamber, where the butterflies are placed, reached 39.0°C ("heating up time” hereafter).
For the duration of the assay the temperature inside the chambers was kept between 39.0°C
and 41.0°C, by increasing or decreasing the hot water bath temperature as required. Tests
in which the chamber temperature went below this range during the duration of the assay
were removed from further analyses. We recorded the time and exact temperature at heat
knock-down, defined by the loss of locomotor performance of the individual butterfly (Huey
et al., 1992), i.e. when the butterfly’s legs collapsed or it fell on its side. Temperature at KO
was accounted for in the models, as in 89 out of 496 assays the chamber went above 41°C
(S.I. Figure 3.10), but assays in which temperature went above 41.9°C were removed from all
analyses (n=2). Butterflies were monitored for a maximum of 60 minutes, and this maximum
value was used for those that had not been knocked out within the time frame (n=1).

3.3.4 Common-garden rearing
Fertilised females of H. erato were caught in the wild with hand nets in high (mean=1348
m.a.s.l.) and low altitude localities (mean=543 m.a.s.l.), in the vicinity of the data loggers
used for microclimates analyses. Females from both altitudes were kept in separate cages of
purpose-built insectaries at the Universidad Regional Amazónica Ikiam (Tena, Ecuador, 600
m.a.s.l.). Eggs were collected three times per day and individuals were reared in separate
containers throughout development but stored in the same area of the insectary and randomly
assorted. All offspring were individually fed the same host plant, Passiflora punctata.
Development rates, pupal and adult mass were recorded for all offspring. Common-garden
reared offspring were blindly tested for heat knock-down resistance in the evening one day
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after emergence following the same protocol as for wild-caught individuals. Offspring from
high and low altitude mothers had individual IDs with no indication of their origin, thus
we were able to blindly test five individuals at a time and avoid potential observer bias.
Adult offspring wings were photographed and their wing areas measured with an automated
pipeline in the open-access software Fiji (following Montejo-Kovacevich et al. 2019).

3.3.5 Statistical analyses
All analyses were run in R V2.13 (R Development, 2011) and graphics were generated with
the package ggplot2 (Ginestet, 2011). Packages are specified below and all R scripts can be
found in the public repository Zenodo (Zenodo: https://doi.org/10.5281/zenodo.3634105).

Microclimates across altitudes
Our data showed low seasonality (standard deviation of monthly averages (Bio4)= 0.63),
as expected for latitudes near the Equator, therefore it was not subdivided into months. To
determine the range of temperatures and humidities that butterfly populations are exposed
to at different altitudes and sides of the Andes, we first estimated daily maxima, mean, and
minima temperature and humidity per data logger across the year. We used linear mixed
effect models (LMMs) to determine temperature differences across forest strata (understory
and subcanopy), implemented with lmer() function from the lme4 package (Bates et al.,
2015). We included forest strata, altitude and date as fixed effects, and as random effects
we placed data logger ID nested within site and area (altitude+side of the Andes). Dates
were standardized to a mean of zero and unit variance to improve model convergence (Zuur
et al., 2009). Significant differences between forest strata and altitudes were assessed via
post-hoc comparisons with Tukey tests. Mean diurnal range was estimated per day per data
logger (as the daily minimum subtracted from the daily maximum) and then averaged across
the year. To obtain the rate of increase in understory temperature for every 1°C increase in
subcanopy temperature we fitted linear models with the hourly data to obtain the relationship
between understory temperature and subcanopy temperature (following González del Pliego
et al. 2016).

To understand the atmospheric water imbalance of each microclimate and elevation, we
calculated vapour pressure deficit (VPD, in hectoPascals - hPa) based on the hourly high-
resolution relative humidity and temperature measurements taken across the year. VPD is the
difference between how much moisture the air can hold before saturating and the amount
of moisture actually present in the air, i.e. a measure of the drying power of the air. VPD
relies on both temperature and relative humidity, making it more biologically relevant than

https://doi.org/10.5281/zenodo.3634105
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relative humidity alone (Bujan et al., 2016). Relative humidity, which is directly measured
by our humidity dataloggers, depends partially on air pressure, thus we do not need to further
account for it. Vapour pressure deficit is linked to water transport and transpiration in plants,
and negatively correlated with survival and growth in trees and with desiccation resistance
in ectotherms (Bujan et al., 2016). It is calculated as the difference between saturation
water vapour pressure (es) and water vapour pressure (e) (Jucker et al., 2018). Given that
relative humidity (RH), which is directly measured by our data loggers, can be expressed as
RH=(e/es) and VPD is calculated:

VPD=
(
(100−RH)

100 × es

)

And es is derived from temperature (in °C ) using Bolton’s equation (Bolton, 1980; Jucker et
al., 2018)

es=
(

6.112× e
17.67×T
T+243.5

)

VPD was estimated for every coupled hourly temperature and relative humidity record, i.e.
from the same data logger at the same time/date, and we then calculated annual mean VPD
(VPDmean) and mean daily maximum VPD (VPDmax) per logger.

Comparing measured microclimate with coarse resolution climatic data
To assess the differences between field obtained microclimate data and publicly available
ambient climate data we compared our microclimate data to coarser-resolution data from the
WorldClim2 database, which is widely used in ecological modelling (Fick and Hijmans, 2017).
Worldclim2 climate grid data is generated by interpolating observations from weather stations
from across the globe since the 1970s, which are typically located in open environments
(Jucker et al., 2018). We extracted climatic data for the mean coordinates from the seven sites
of our four study areas (East/West, highlands/lowlands, S.I. Figure 2.6) with the maximum
resolution available (1 km2, 30 seconds), using the package "raster” (Hijmans et al., 2019).
Following a recent study (Jucker et al., 2018), we focused on comparing WorldClim2
interpolated monthly means of daily temperatures, annual mean temperatures (Bio 1) and
annual mean diurnal range (Bio 2) to the equivalent bioclimatic predictors calculated with
our microclimate data. Thus, we extracted the following WorldClim2 bioclimatic variables
for all the areas under study:
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Tmax = monthly mean of daily maximum temperatures (°C)

Tmin = monthly mean of daily minimum temperatures (°C)

Tavgi =
(

Tmaxi+Tmini
2

)
is the average temperature (°C) for a given month (i)

Bio 1 =
(

∑
i=12
i=1 Tavgi

12

)
is the yearly average of monthly average temperatures

Bio 2 =
(

∑
i=12
i=1 Tmaxi−T mini

12

)
is the yearly average of the monthly temperature

ranges

Bio1 is more commonly known as the annual mean temperature and Bio2 as the annual
mean diurnal temperature range. The latter is mathematically equivalent to calculating the
temperature range for each day in a month and averaging across that month. Since our
microclimate data showed low yearly seasonality (temperature SD=0.63) and to avoid biases
in months where not all records were available (e.g. when changing logger batteries halfway
through the year), we averaged across the whole year.

We estimated seasonality following the equation from WorldClim2/Anuclim (Fick and
Hijmans, 2017), based on the standard deviation of monthly temperature averages.

Bio 4 = SD{Tavg1, . . . ,Tavg12}

Where SD is standard deviation, and Tavgi is:

Tavgi =
(

Tmaxi+Tmini
2

)
is the average temperature (°C) for a given month (i)

Thermal tolerance across species in the wild and acrossH. erato common-garden reared
families
To test variation in thermal tolerance across species in the wild and across families in
common-garden reared conditions, we first used an ANOVA approach, with species or
brood as a factor explaining the variation in heat knockdown time. We then estimated
within-species and within-brood trait repeatability, or intra-class correlation coefficient (ICC),
with a linear mixed model approach. This requires the grouping factor to be specified as
a random effect, in this case species (for wild individuals) or brood (for common garden-
reared offspring), with a Gaussian distribution and 1000 parametric bootstraps to quantify
uncertainty, implemented with the function rptGaussian() in rptR package (Stoffel et al.,
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2017). By specifying species/brood ID as a random effect, the latter approach estimates the
proportion of total thermal tolerance variance accounted for by differences between species
or families.

To determine the effects of altitude on thermal tolerance in wild butterflies and common-
garden reared offspring we fitted two separate linear mixed models (LMMs), implemented
with lmer() function from the lme4 package (Bates et al., 2015). Both models initially
included heat knock down time as the response variable, and altitude at which the wild
individual or mother of the brood were collected, sex, wing size (plus all two-way interactions
between them), minutes that the chamber took to reach 39°C, and temperature at knock-
out as fixed effects. Additionally, the common-garden reared offspring model included
development time (days from larva hatching to pupation) and brood egg number (to control
for time the brood mother spent in the insectary) as fixed effects. The random effects for the
wild individuals model and for the common-garden reared offspring model, were species
identity and brood mother identity respectively. All fixed effects were standardized to a mean
of zero and unit variance to improve model convergence (Zuur et al., 2009).

We implemented automatic model selection with the step() function of the lmerTest package
(Kuznetsova et al., 2017), which performs backwards selection with likelihood ratio tests and
a significance level of α = 0.05, first on the random effects and then on the fixed effects to
determine the simplest best fitting model. Model residuals were checked for homoscedasticity
and normality. To obtain P-values for the fixed effects we used the anova() function from the
lmerTest package, which uses Satterthwaite approximation (Kuznetsova et al., 2017). We
estimated with the coefficient of determination (R2) the proportion of variance explained
by the fixed factors alone (marginal R2, R2

LMM(m)) and by both, the fixed effects and the
random factors (conditional R2, R2

LMM(c)), implemented with the MuMIn library. (Bartón,
2018; Nakagawa et al., 2017)
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3.4 Results
3.4.1 Microclimate variability across altitudes
Overall, the patterns of differentiation between forest layers and altitudes are very similar
across sides of the Andes in our study (Figure 3.1 A vs B), and there was low seasonality
across months (Figure 3.1). Our measured temperature seasonality per logger, averaged
across areas, was 0.61 and 0.81 for the western highlands and lowlands, respectively, and
0.49 and 0.60 for the eastern highland and lowlands, respectively. The lowland sites were,
on average, 4.1°C warmer than the highland sites which were over 750 m apart in elevation
(S.I. Table 3.3). Annual mean temperatures interpolated from WorldClim2 were always
closer to subcanopy strata annual means (S.I. Figure 3.7). In contrast, the understory annual
mean temperatures were on average 0.5°C lower than WorldClim2 annual mean temperatures
(dotted lines Figure 3.1 A1-2, B1-2, Table 3.3). The minimum temperatures were consistently
higher in our microclimate data compared to the interpolated monthly minima estimated in
WorldClim2, especially for the highlands (lower dotted line, Figure 3.1 A2, B2).

Table 3.1 Understory temperature offsets across areas. Offsets were calculated by subtracting
subcanopy daily temperatures from understory daily temperatures, thus negative values indicate cooler
understories and positive warmer understories. We estimated daily maximum, mean, and minimum
temperatures (°C) per datalogger per day, then calculated daily offsets at a given site (pair of loggers)
and averaged across the year and dataloggers per area. Values shown are mean and (±) standard error.

Altitude Andes Tmax offset Tmean offset Tmin offset
Highlands West -1.19 ± 0.028 -0.21 ± 0.007 0.07 ± 0.004
Highlands East -1.62 ± 0.035 -0.3 ± 0.008 0.12 ± 0.004
Lowlands West -1.98 ± 0.04 -0.37 ± 0.008 0.25 ± 0.003
Lowlands East -2.11 ± 0.036 -0.5 ± 0.009 0.23 ± 0.002

Forest canopies thermally buffered the understory, but more so during the day and in the
lowlands. During the day, the understory thermally buffered the canopy temperature maxima
by 1.19-1.62°C in the highlands, and by 1.98-2.11°C in the lowlands (Table 3.1). At
night, understories buffered the temperature minima of the canopies by 0.07-0.12°C in the
highlands and by 0.25-0.23°C in the lowlands (Table 3.1). Thus, the forest buffered high and
low temperatures in the understory throughout the day and night, respectively (Figure 3.2 A).
Temperature differences between day and night are greater in the lowlands, where days are
warmer (Figure 3.2 A), but less so in the understory of all areas. On average, the difference
between subcanopy and understory diurnal thermal range in the highlands was 1.34°C,
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whereas in the lowlands this difference was 2.09°C (Figure 3.2 B). However, WorldClim2
interpolations for diurnal thermal ranges were 3.5°C higher than our records in the highlands,
resulting in the highlands being predicted to have higher thermal ranges than the lowlands
(stars, Figure 3.2 B). This was the opposite elevational trend to that observed in our data,
where thermal ranges were lower in the highlands.

Figure 3.1 Annual and daily microclimates across forest heights and elevations. Annual microclimate
variation recorded every hour (Lowlands/Highland, West/East, A1-2, B1-2), mean daily maximum
temperature (A3, B3), mean daily average temperature (A4, B4) and mean daily minimum temperature
(A5, B6) from February 2017 until February 2018 in the Western (A1-A5) and Eastern (B1-B5)
slopes of the Andes. For A1-2, B1-2 grey lines represent raw data, coloured lines represent hourly
temperatures averaged across loggers in each of the four areas and forest layers. For A3-5 and
B3-B5 we first obtained individual datalogger daily maximum, mean, minimum temperature, and
averaged these to obtain the daily mean values per area/forest layer here plotted. Colours represent
microclimates (blues: subcanopy, oranges: understory). Points and dashed lines represent WorldClim2
interpolated monthly maximum (Tmax), mean (Tavg), minimum (Tmin) temperatures for these areas
(A1-2, B1-2). The bottom and top of the boxes represent the first and third quartiles, respectively, the
bold line represents the median, the points represent outliers, and the vertical line delimits maximum
and minimum non-outlier observations. Same superscripts represent no significant differences (Tukey
post-hoc test p>0.05).

The temperature buffering of the lowlands was higher than the highlands, so that for every
1°C increase in subcanopy temperature the understory increased 0.68°C in the lowlands, in
contrast to 0.73°C in the highlands. The lowland canopies exceeded 39°C on 31 days through-
out the year, whereas the highlands never did (Figure 3.1 A, B). The monthly maximum
temperature interpolated by WorldClim2 was close to our measured subcanopy temperature
maxima in the lowlands, but 2.01°C higher, on average, in the highlands (Figure 3.2 C).
Wordclim2 monthly minima were also overestimated at both elevations, predicting it to be
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2.6°C cooler at night in the highlands and 2.3°C cooler in the lowlands than our measured
understory microclimates (S.I. Figure 3.7 B).

Figure 3.2 Daily temperature microclimate and interpolated variation. A) Daily temperature variation
across altitudes in the Western (top plot) and Eastern (bottom plot) slopes of the Andes, values plotted
represent the mean annual temperature across loggers at a given time of the day in one of the four areas
(highlands/lowlands, subcanopy/understory). B) Annual diurnal temperature range, calculated for
each datalogger across areas and the stars represent the WorldClim2 interpolations for this bioclimatic
variable (Bio 2). Error bars represent standard deviation from the mean. C) Mean daily maximum
temperature across individual dataloggers for a full year, compared to WorldClim2 interpolated daily
maxima (Tmax) for these areas. Vertical dashed lines represent means per group.

3.4.2 Vapour pressure deficit
In the highlands, the understory daily relative humidity minimum was on average 3.7 per-
centage points higher than in the subcanopy, whereas in the lowlands the difference was
11.8 percentage points (S.I. Figure 3.8). The drying power of the air, or vapour pressure
deficit (VPD), varied drastically between layers of the forest, but more so in the lowlands
(Figure 3.3). In the highlands, maximum daily VPD from the same site averaged 1.1 hPa
higher in the subcanopy compared to the understory, whereas in the lowlands the difference
was 4.8 hPa. The threshold for tree transpiration is thought to be at 12 hPa in the tropical
montane areas, above which transpiration, and thus growth, is impeded by the drying power
of the air (Motzer et al., 2005). This threshold was exceeded 883 times in the lowland
subcanopy across our data loggers, 102 in the lowland understory, 12 times in the highland
subcanopy and never in the highland understory (S.I. Figure 3.8).
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Figure 3.3 Vapour pressure deficit (VPD, ‘drying power’, hPa) across microclimates and elevations.
A) VPDmax, mean daily maximum VPD for each datalogger across a year. B) Annual mean VPD
(VPDmean). P-values are shown for t-tests between subcanopy and understory values.

3.4.3 Heat tolerance in the wild
Heat tolerance varied across species (Figure 3.4 A, ANOVA: F9, 268 = 8.75, P < 0.0001),
with 44% of this variation explained by species identity (Repeatability=0.44, S.E.=0.13,
P<0.0001). In the highlands, 33% of the individuals tested were knocked out before the
chambers reached a temperature of 39°C, in contrast to 7% of the individuals tested in the
lowlands (Figure 3.4 B, nhigh=60/183, nlow=6/95). Mean (± standard error) heat tolerance
across species was on average 5.4 minutes (±0.57) for highland individuals and 15.9 minutes
(±1.43) for lowland individuals (red dashed line Figure 3.4 A). Altitude and time until the
chamber reached 39°C were significant predictors of knock-out time in wild individuals
(Table 3.2), with the fixed effects alone explaining 29% of the variation in thermal tolerance
(R2

LMM(m)=0.29) and 39% when considered together with species identity as a random effect
(R2

LMM(c)=0.39). The high-altitude populations of the two most evenly sampled species
across altitudes, H. erato and H. timareta, were less thermally tolerant than their lowland
conspecifics (Figure 3.10, T-test, H. erato: t77=-5.3, P<0.0001, H. timareta: t14=-2.3, p<0.05).
In this part of the eastern Andes of Ecuador, the lowland H. melpomene have been largely
replaced by a cryptic subspecies of H. timareta (Nadeau et al., 2014), which explains the low
numbers of lowland individuals of H.melpomene, a species with a very wide range across the
Neotropics.
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Figure 3.4 Wild Heliconius thermal tolerance. A) Heat knockdown time in minutes across wild
individuals from ten Heliconius species, coloured species have wide altitudinal ranges whereas
grey are high/low altitude specialists. The red dashed line represents the mean heat tolerance of all
individuals (regardless of species) at each altitude and the shaded area represents the standard error of
the mean. B) Proportion of wild individuals from high and low populations (dotted and solid lines,
respectively) that resisted knockout before reaching the experimental temperature of 39°C and C)
throughout the heat knockdown experiment (temperatures 39-41°C). Error bars and shaded areas
represent 95% confidence intervals of the means and sample sizes for each species are indicated above
their label. P is p-value for log-rank test comparing the curves. D) Study species phylogeny (Kozak
et al., 2015) and representative images of wings (not to scale).

3.4.4 Heat tolerance in common-garden reared offspring
Common-garden reared offspring of H. melpomene lativitta varied in heat tolerance across
families (ANOVA, F14, 262 = 5.15, P < 0.0001), and 25% of this variation was explained
by brood identity (Repeatability=0.25, S.E.=0.10, P<0.0001). In the wild, low-altitude H.
melpomene lativitta were, on average, able to withstand high temperatures for ten more
minutes compared to high-altitude populations (Figure 3.4 left, T-test: t77=-5.3, P<0.0001).
In contrast, when reared in common-garden conditions, individuals from lowland broods
were able to withstand heat for only 1.4 minutes longer than offspring from highland broods
(Figure 3.5 right). As a consequence, parental altitude only had a marginally significant effect
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on offspring thermal tolerance (knock-down time), whereas experimental variables, such
as time until the chamber reached 39°C and the temperature at knock-out, were significant
predictors of knock-out time in the offspring (Table 3.1, ‘Common-garden reared model’).
Fixed effects alone explained 39% of the variation in thermal tolerance (R2

LMM(m)=0.39)
and 48% when together with brood identity as the random effect (R2

LMM(c)=0.48), indicating
some trait heritability. The variance in thermal tolerance in wild populations was higher
than in common-garden reared offspring (Figure 3.5), probably due to higher variation of
developmental temperatures, fitness, and age in the wild. The number of eggs a mother had
previously laid had a positive and significant effect on adult thermal tolerance, and interacted
with parental altitude, likely due to high altitude mothers living longer in the insectary.

Figure 3.5 Thermal tolerance in Heliconius erato. Experimental design of common garden rearing,
fertilised females collected in the highlands and lowlands were brought to a common garden environ-
ment and their offspring reared and tested. Heat knockdown time (minutes) across wild individuals
(A) and offspring reared in common garden conditions of Heliconius erato lativitta populations from
high (~489 m.a.s.l., orange) and low elevations (~1344 m.a.s.l., dark orange). Error bars represent
95% confidence intervals of the means.
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Table 3.2 Thermal tolerance model summaries. Wild individuals of ten species and common-garden
rearedH. erato final models. Non-significant two-way interactions are not included in this table.
Chi.sq, the value of the chi-square statistics. Chi Df, the degrees of freedom for the test. P, the
P-values of fixed and random effects. Sum.Sq, sum of squares. Df, degrees of freedom based on
Sattherwaithe’s approximations. F, F-value. KO, knockout. Egg number per broods, number of eggs
previously laid by that brood mother. Times are in minutes.

Random effects Fixed

Model N Response Variable Chi.sq Chi Df P Variable Estimate df t-value P

Wild individuals 213 KO time Species ID 8.53 1 0.003 Altitude -4.45 151.9 -5.50 <0.001

Heating up time 5.76 205.2 7.87 <0.001

Common-garden 260 KO time Mother ID 9.43 1 0.002 Heating up time 21.67 184.2 8.85 <0.001

Egg no. (per brood) 3.04 173.7 9.80 <0.001

Temperature at KO 3.12 162.9 6.02 <0.001

Development (days) 0.99 228.9 3.76 0.02

Altitude*egg number -0.40 224.8 -2.25 0.03

Altitude -1.03 134.2 -2.24 0.07
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3.5 Discussion
We found that tropical forests have great climatic buffering potential, especially at lower
elevations, and that this was similar across two independent elevational clines on both sides
of the Ecuadorian Andes (Figure 3.1 and Figure 3.2). Interpolated climatic variables for these
same areas did not capture our observed microclimates, especially at high elevations (~1100
m.a.s.l.), where weather stations are very sparse (Fick and Hijmans, 2017). Furthermore,
we found evidence for differences in thermal tolerance in the wild across ten butterfly
species, regardless of whether they had altitudinally narrow or widespread distributions
(Figure 3.4). However, these differences were greatly reduced when a widespread species
was reared in common-garden conditions, indicating likely non-genetic, environmental
effects on temperature tolerance.

3.5.1 Microclimate buffering across elevations
Many macroecological predictions of species distributions have emerged from the notion
that tropical latitudes lack strong seasonality (Janzen, 1967; Sheldon et al., 2018; Shelomi,
2012). However, while generally true, these predictions ignore the climate complexity
of tropical forests. Our results show that lowland and montane tropical forests buffer
ambient temperature and humidity. The understory daily maximum temperature was, on
average, 1.4°C and 2.1°C cooler than the subcanopy, at high and low elevations, respectively
(Table 3.1). The temperature offset between forest canopy and understory becomes larger
at more extreme temperatures (De Frenne et al., 2019). Thus, lowland forests buffered
temperatures to a greater extent than highland forests, which is of particular importance for
ectotherms in lowland environments, which are routinely exposed to extreme temperatures
(Deutsch et al., 2008). It is important to note that in this study the highland areas were located
at mid-elevations and our lowlands were in the foothills of the Andes, which have been less
studied because the differences are often assumed to be marginal. Similarly, our subcanopy
dataloggers were positioned 10 m from the forest floor, thus we would expect the temperature
and humidity offsets to be even stronger when compared to above-canopy or open-habitat
temperatures.

Janzen’s hypothesis (Janzen, 1967) predicted that the reduced climatic variability in the
tropics would result in ectotherms having narrower thermal tolerances, and, in turn, reduce
dispersal across elevations (Sheldon et al., 2018). In this study, the mean temperature
difference between the subcanopy and the understory, only ten meters apart, was 0.25°C in
the highlands and 0.44°C in the lowlands (Table 3.1). This is more than the temperature
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change across these elevational clines, where for every 10 m in elevation there was a 0.05°C
decrease in temperature. Yet, in the wild, we found that low elevation populations were much
more tolerant to heat than highland populations. While in this study we did not measure cold
tolerance, we found that the difference in minimum temperatures across elevations and forest
strata is much smaller than that of maximum temperatures (Figure 3.1 A5, B5). Thus, we
can hypothesize that, given a linear change in cold tolerance, the disproportionally greater
heat tolerance of lowland Heliconius would result in them having broader thermal breadths
than high elevation populations. The microclimatic variability that tropical ectotherms are
exposed to within their habitats might offset the lack of seasonality across the year, making
some species more able to cope with warming than others. Thus, protecting tropical forests’
climatic buffering potential across elevations is essential to enable potential upland shifting
in the face of climate and land-use change.

We found a clear disparity between field-collected microclimate and interpolated macro-
climate temperature (Figure 3.2). For instance, WorldClim2 estimated the maximum daily
temperatures to be 2.01°C higher in the highlands, and overestimated annual mean temper-
ature in the understory by 0.5°C. Strikingly, these values are similar in magnitude to the
projected warming for the next century in Andean mid-elevations (Beaumont et al., 2011;
Urrutia and Vuille, 2009). In large part, these disparities can be attributed to the fact that
coarse-gridded temperature surfaces, such as WorldClim2, are interpolated from weather
stations that are located in open habitats (De Frenne et al., 2019; Frenne and Verheyen,
2016). Several recent studies have reported similarly striking differences (Jucker et al., 2018;
Lembrechts et al., 2019; Potter et al., 2013; Storlie et al., 2014). Near-surface temperatures
can only be accurately measured with in-situ loggers or with emerging remote sensing tech-
nologies, such as airborne laser scanning (Jucker et al., 2018). Furthermore, WorldClim2
interpolations at high altitudes tend to be less accurate, especially in the tropics, where
weather station data is very sparse (Fick and Hijmans, 2017). This raises the question of how
useful coarse macroclimatic grids are for assessing thermal tolerances of organisms which are
affected by fine-scale microclimates (De Frenne et al., 2019; Lenoir et al., 2017; Navas et al.,
2017; Nowakowski et al., 2018). In addition, very few studies in the tropics have accounted
for humidity and vapour pressure deficit variability at the microclimate level (Bujan et al.,
2016; Friedman et al., 2019; García-Robledo et al., 2016), as the loggers required to do so
can be 4-5 times more costly than temperature loggers. Nevertheless, inclusion of VPD
in species distribution models has been shown to significantly improve their accuracy (de
la Vega and Schilman, 2017). The differences in VPD between subcanopy and understory
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observed here were much more pronounced in the lowlands, highlighting the importance
of protecting forest complexity in these areas, which are under constant threat of land-use
change.

3.5.2 Heat tolerance in the wild
Our extremely limited knowledge of thermal tolerance and plastic potential of tropical
ectotherms in the wild further hinders our ability to predict ectotherm responses to climate
change. As expected, the ability of wild butterfly species to cope with extreme, but natural,
levels of heat (~40°C) was much lower for those inhabiting high altitudes. The heat tolerance
differences between highland and lowland populations of widespread species were much
lower than between highland and lowland specialist species (S.I. Figure 3.4, Figure 3.10).
This suggests that while plasticity plays a role in widespread species, as shown in our
common-garden rearing with H. erato, elevationally restricted species are likely to have
fixed genetic characteristics that make them better suited to their thermal environment, and
thus show more differences when compared across elevations. Behavioural shifts might
alleviate the impact of climate extremes in tropical forests, but the capacity of a species to
shift sufficiently will be constrained by life history, energy budgets, and thermal tolerance
(Sheldon and Tewksbury, 2014). In these butterflies, altitude has been shown to pose strong
selective pressures, and some are constrained in their body size by contrasting reproductive
strategies (gregarious vs. solitary), which could, in turn, restrict adaptive plastic responses
to environmental change (Montejo-Kovacevich et al., 2019). Nevertheless, the observed
thermal buffering of forests would undoubtedly benefit and be exploited by these butterflies
during extreme temperature events, such as the 31 days where temperatures in the lowlands
went above 39°C.

3.5.3 Evidence for plasticity in heat tolerance
When reared under a common developmental temperature, the differences in adult thermal
tolerance observed in the wild largely disappeared in the widespread species, H. melpomene
lativitta, indicating plasticity in individual thermal tolerance (Figure 3.4). In this study, we
cannot distinguish developmental plasticity from acclimation. The former would imply that
larval rearing temperature would irreversibly determine adult heat knock-down resistance,
whereas the latter implies a reversible response to temperature (Llewelyn et al., 2018).
Interestingly, we did find evidence of at least some genetic component to heat knock-down
resistance, as 25% of its variation among common-reared offspring was explained by family
identity. Thus, it is likely that a combination of genetic and environmental effects determine
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adult thermal tolerance in Heliconius butterflies. Heat knockdown resistance has been
associated with the expression of a heat shock protein (Hsp70) and its plasticity has been
shown to vary across altitudinally and latitudinally structured populations of Drosophila

buzzati and European butterflies (Karl et al., 2009; Luo et al., 2014; Sorensen et al., 2001),
suggesting a mechanism for both genetic and environmental control of heat knock-down
resistance. Highly heritable thermal performance traits have been shown to allow rapid
adaptation to changing climates in lizards (Logan et al., 2014a), but developmentally plastic
traits with varying and unknown levels of heritability have less predictable roles (Merilä and
Hendry, 2014).

The fact that 45% of the individuals from three high altitude Heliconius species were knocked
out at temperatures between 35-39°C is remarkable (Figure 3.3 B), given that in the highlands,
there were 50 days in a year where temperatures went above 30°C. These high-altitude species
would have suffered high mortality if reared in our lowland insectaries, as temperatures often
rise above 35°C. In contrast, only 27% of sympatric high-altitude individuals of widespread
species were knocked out at temperatures between 35-39°C. Canopy-dwelling tropical ants
are known to behaviourally circumvent high temperature areas encountered while foraging,
avoiding temperatures 5-10°C below their thermal tolerance limits (Logan et al., 2014a;
Spicer et al., 2017). Thus, these butterflies and other high-altitude species must adapt their
flying times and/or behaviours during hot periods, which could have cascading effects on
fitness. Heliconius follow the same flower foraging trap-lines every day, as they require
large amounts of nectar and, uniquely for lepidopterans, pollen, to thrive throughout their
long adult life-spans (Jiggins, 2016; Mallet, 1986a). Hot patches of the forest close to their
thermal limits could severely hinder their ability to follow a foraging path, disrupting a basic
biological function. Thus, the climatic refugia that the understory provides could be crucial
to cope with the ongoing increase in extreme temperature events in high elevation habitats
(Ruiz et al., 2012; Scheffers et al., 2014).

Relative humidity and vapour pressure deficit (VPD), which have received little attention in
the literature, were also greatly buffered by forest canopies (Figure 3.3). High VPD has direct
impacts on seedling growth and survival (Jucker et al., 2018; Motzer et al., 2005), as well as
on ectotherm activity levels through increased desiccation risk (Bujan et al., 2016; Friedman
et al., 2019). In canopy tropical ants, desiccation resistance was negatively correlated with
thermal tolerance, suggesting an energetic trade-off between the two traits, but both were
generally higher than in understory ants (Bujan et al., 2016). Thus, forest temperature and
humidity buffering may benefit canopy-dwelling butterflies disproportionally. Furthermore,
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understory specialist species are thought to be closer to their thermal limits due to the stable
climatic conditions they inhabit and thus these may not have suitable refugia or the thermal
capacity to cope with warming (Huey et al., 2009; Scheffers et al., 2017; Sheldon, 2019). H.

erato is considered an open-habitat dwelling species, whereas others, not studied here, such
as H. sapho and H. cydno prefer closed-canopy forest (Estrada and Jiggins, 2002). Future
research could focus on testing desiccation risk across Heliconius species with different
flying habits and at different elevations. Increased detrimental effects on growth and survival
under climate change could also hold true for less mobile, understory-dwelling life stages,
such as butterfly larvae.

3.5.4 Conservation implications
Habitat degradation and land-use change in the Andean foothills are pressing concerns for
tropical conservation. Ectotherms escaping unsuitable climates in the lowlands may struggle
to shift their ranges upwards due to habitat fragmentation (Chen and Jiang, 2009; Scheffers
et al., 2016). For example, most remnants of pristine forest in Borneo are in montane areas,
as the flat lowlands have been converted to oil palm plantations. Current protected areas
may fail to act as stepping stones as they are too isolated and distant from upland climate
refugia (Scriven et al., 2015). A similar scenario occurs in Western Ecuador, one of our study
areas, where a large portion of the low and mid elevations have been converted to agricultural
lands in the past three decades (Wasserstrom and Southgate, 2013). Any habitat change that
affects forest heterogeneity could reduce its large temperature buffering potential (Blonder
et al., 2018; Jucker et al., 2020), and butterfly diversity as a whole (Montejo-Kovacevich
et al., 2018). Nevertheless, microclimates have been shown to recover decades after low
impact land-uses (González del Pliego et al., 2016; Mollinari et al., 2019; Senior et al., 2018),
allowing for recolonization of biodiversity (Hethcoat et al., 2019). This highlights the need
to protect degraded secondary forest, as these are now more abundant than primary forests in
most of the tropics (Edwards et al., 2011; Senior et al., 2017).

3.5.5 Conclusions
Tropical ectotherms find themselves in highly heterogeneous, threatened habitats, which
have greater climate buffering potential than previously thought (De Frenne et al., 2019;
Frenne and Verheyen, 2016). However, the low seasonality of tropical environments together
with the steep environmental gradients of montane habitats, as Janzen’s hypothesis predicts,
makes tropical ectotherms particularly vulnerable to climate and habitat change (Deutsch
et al., 2008; Huey et al., 2009; Janzen, 1967; Polato et al., 2018). The clear mismatch
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between the microclimates we measured and the widely-used interpolated global datasets
highlights the importance of field-based climate measurements. Furthermore, the striking
difference in heat tolerance and evidence for plasticity across a moderate elevational cline,
demonstrates the importance of temperature for the persistence of tropical ectotherms. Our
results suggest that the inclusion of microclimate buffering within models and experimental
testing of thermal tolerances is crucial for incorporating realistic temperatures experienced by
small organisms (Paz and Guarnizo, 2020). More research into the evolvability and plasticity
of heat tolerance is needed to accurately assess the vulnerability of tropical ectotherms in the
face of anthropogenic change.
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3.6 Supplementary Information
Table 3.3 Localities of the four areas in Ecuador under study and summary information. Coordinates
and altitudes are averaged across the seven sites in each area. Altitude represents meters above
sea level. Mean annual precipitation was obtained from WorldClim2 (Fick and Hijmans, 2017).
Nearby towns/ reserves: 1) Highlands West, Mashpi Lodge (Pichincha), 2) Lowlands West, Tortugo
(Pichincha), 3) Highlands East, Reserva Narupa (Napo), 4) Lowlands East, Reserva Jatun Satcha
(Napo). Positive values indicate WorldClim2 is overestimating forest temperatures.

Altitude
Andes

slope
Lat. Long.

Altitude

(m.a.s.l.)

WC2 annual

precipitation

Annual mean temperature (°C)
WorldClim2

Tmean deviation

understory canopy
WC2

mean (BIO1)

WC2 –

understory

WC2 –

canopy

High West 0.16 -78.86 1208.7 2845 19.01 ± 0.13 19.22 ± 0.18 20.2 +1.2 +1.0

Low West 0.21 -78.95 468.4 2623 22.66 ± 0.14 22.94 ± 0.13 23.1 +0.4 +0.2

High East -0.69 -77.75 1219.9 4040 19.09 ± 0.1 19.3 ± 0.14 19.3 +0.2 0

Low East -1.07 -77.63 420.7 3746 23.52 ± 0.07 23.99 ± 0.11 23.6 +0.1 -0.4
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Figure 3.6 Microclimate sampling sites in Ecuador along both sides of the Andes. A) Western South
America, rectangle represents area mapped in B. B) Elevation map of area under study with high
altitude (triangles) and low altitude (circles) areas. In each area there are seven plots with paired
canopy and understory temperature data loggers and humidity dataloggers for two of the seven plots.
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Figure 3.7 Daily mean temperature (A) and mean daily minimum temperature (B), obtained mean
yearly logger daily mean and minimum temperatures and compared them to WorldClim2 interpolated
daily mean and minima (Tavg, Tmin) for these areas. Vertical dashed lines represent means per group.
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Figure 3.8 A), B) Daily minima relative humidity across microclimates and elevations. The bottom
and top of the boxes represent the first and third quartiles, respectively, the bold line represents the
median, the points represent outliers, and the vertical line delimits maximum and minimum non-outlier
observations. Same superscripts represent no significant differences (Tukey post-hoc test p>0.05). C)
Vapour pressure deficit relationship with temperature across elevations (high=gold, low=blue). Lines
are fitted generalised additive models and shaded areas confidence intervals. Each point represents a
single record.
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Figure 3.9 Variation in temperature at K.O. in wild heat knockdown experiments across ten species.
We aimed for chambers to be at a constant temperature between 39C and 41C (delimited by the dashed
blue lines), but in the highlands many individuals got knocked down before the temperature chamber
reached 39C (left-skewed tail, left plot).
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Figure 3.10 Within species variation in heat knockout time in wild individuals. The bottom and top
of the boxplots represent the first and third quartiles, respectively, the bold line represents the median,
and the points represent all values. Stars represent significance levels of two sample t-tests between
high and low altitude populations (*< 0.05, **<0.01, ***<0.001, ns not significant).





4

Population genetics of adaptation to high
altitude in two Heliconius species

4.1 Abstract
Local adaptation is a process involving selection, migration, and drift. While recurrent
colonisations of new environments provide strong evidence for adaptation, the level of
molecular parallelism facilitating them remains unresolved. Here, were use two widespread
species of Heliconius butterflies that have repeatedly adapted to high altitude environments
across their range to identify signatures of selection and assess the parallelism of local
adaptation. We sampled four clines per species, two in Ecuador and two in Colombia,
with East and the West populations largely independent and isolated by the Andes. In
each cline, we re-sequenced a large number of individuals belonging to highland, lowland,
and distant lowland populations to maximise our power to detect selection at high altitude,
yielding 518 whole-genomes. Highland populations had consistently higher Tajima’s D,
but similar nucleotide diversity. We found linear isolation by distance in both species, but
stronger isolation by environment in H. erato, as suggested by higher differentiation between
population pairs found across elevations than predicted by distance alone. We detected strong
high-altitude specific differentiation in narrow regions across the genome, especially in H.

erato. We identified many of these differentiating in parallel between clines within sides
of the Andes, around 40% and 30% of the outlier regions in H. erato and H. melpomene,
respectively. Furthermore, in H. erato half of those outlier regions were also shared across
sides of the Andes, highlighting the potential for parallel adaptation to high altitude in this
species. However, there was no parallelism in regions potentially selected at high altitudes
between species. Thus, despite high levels of gene flow between elevations we found strong
signatures of local adaptation to altitude and high levels of parallelism within but not between
species.
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4.2 Introduction
Repeated adaptation of populations to similar environments provides compelling evidence
that natural selection shapes phenotypic variation and has been the focus of evolutionary
studies since Darwin. Whether observed phenotypic convergence is driven by the same
genetic changes across populations or species has long been debated (Losos, 2011; Bolnick
et al., 2018). Understanding the repeatability and predictability of evolution is a timely matter,
as anthropogenic changes are relentlessly challenging organisms’ ability to adapt. Climate
and habitat change are forcing range expansions northwards or towards higher elevations
(Chen et al., 2011; Parmesan et al., 1999). Thus, it is especially interesting to identify the
genomic mechanisms that facilitate or constrain geographic range expansions in the wild and
to understand whether these are parallel across spatial and phylogenetic scales.

Convergent phenotypes in response to similar selective pressures have been identified widely,
as well as parallel or convergent genetics underlying them (Conte et al., 2012; Zhao and
Begun, 2017). The extent to which repeated phenotypic evolution relies on the same ge-
nomic regions may be driven by properties such as high mutation rates, lack of pleiotropic
constraints, or large effect sizes (Martin and Jiggins, 2013). However, much of the research
has focused on traits known to vary across populations or environments, which tend to be
easy to measure and, usually, with a simple genetic basis. For instance, phenotypic shifts
in colouration from light to dark as an adaptation to substrate colour have been shown to
repeatedly involve the melanic pigmentation gene Mc1r in mammals, fish, and birds (Harris
et al., 2020; Mundy, 2005; Gross et al., 2009). Traits controlled by few, large-effect loci
are more likely to undergo parallel selection, as evolution might be constrained by few
existing genetic paths to select for a similar phenotype (Orr, 2005b; Yeaman, 2015). In
contrast, polygenic adaptation whereby traits controlled by many loci are selected for, is
more likely to result in non-parallel patterns, as functional redundancy between genes allow
for different combinations to achieve similar phenotypes (Barghi et al., 2020). The source of
the genetic variance underlying traits under selection can also determine the likelihood of
genetic parallelism (Lee and Coop, 2019). Organisms that readily hybridise in the wild might
be more prone to share beneficial alleles via adaptive introgression (Lee and Coop, 2017),
and those that diverged recently and have a large pool of standing genetic variation may
result in more instances of allele re-use (Bohutínská et al., 2020; Zhao and Begun, 2017).

The generally trait-centered approach to study adaptation to the environment could be further
biasing the literature towards parallelism and simple genetic architectures. A considerable
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portion of adaptation to the environment occurs through small phenotypic changes towards
a slow-moving fitness peak, through which organisms exploit new niches or expand their
ranges (Bosshard et al., 2017; Burton and Travis, 2008). Moreover, detailed knowledge of
phenotypes that change with the environment are lacking for most wild study systems, espe-
cially in the tropics where much of the biodiversity remains undescribed. Thus, one approach
to study local adaptation and parallelism in the whole genome sequencing era is to study
allele frequency changes across steep environmental clines, without prior knowledge of the
phenotypes involved. Genome-wide genetic differentiation is predicted to increase linearly
with geographic distance in homogenous environments (Wright, 1943), but environmental
differences can further increase genetic differentiation by limiting dispersal or selecting
against migrants due to local adaptation (Bradburd et al., 2013). Quantifying Isolation by
Environment is useful to gain insight into the relative contributions of geographic and envi-
ronmental distance to genome-wide differentiation between populations, but cannot easily
discern between neutral or evolutionary processes driving such correlations nor identify
regions putatively under selection (Bradburd et al., 2013; Rellstab et al., 2015; Tiffin and
Ross-Ibarra, 2014).

Effective replication over space combined with population genetics methods can be a pow-
erful approach to identify regions of the genome likely involved in local adaptation to the
environment (Hoban et al., 2016; Meirmans, 2015). Variation in genetic differentiation (Fst)
along the genome in pairs of populations found in different environments has long been used
to infer positive selection. However, these genome scans cannot distinguish which popula-
tion has undergone selection and similar patterns can arise through many neutral processes,
including drift (Burri, 2017; Lotterhos and Whitlock, 2014; Ravinet et al., 2017). With the
availability of whole-genome sequencing, a plethora of new population genetic methods
have been developed that involve including additional replication through space or time to
discern between isolation by distance and signatures of selection. For instance, population
branch statistics (PBS) measure lineage specific differentiation by building a three population
tree based on pairwise Fst differentiation between them and including a geographically
distant outgroup to control for the effects of genetic drift (Yi et al., 2010). Such methods,
applied over geographically independent replicates and combined with selection statistics
can be a powerful way of identifying loci conferring local adaptation (Delmore et al., 2020;
Huerta-Sánchez et al., 2013; Oziolor et al., 2019).

Here we combine landscape and population genetics approaches to study the genomics
parallel adaptation to high altitude environments in two species of the toxic, aposematic
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Heliconius butterflies. H. erato and H. melpomene are the two most widespread species
in this genus, inhabiting most of the Neotropics and elevational ranges from sea level to
1800 m (Rosser et al., 2012). These two species are co-mimics across their range and have
repeatedly co-opted the same large-effect colour pattern loci to converge in wing phenotypes
(Nadeau et al., 2016a; Nadeau, 2016; Reed et al., 2011; Turner and Crane, 1962). Subspecies
with different colour patterns hybridise freely where they come into contact and, often, this
occurs along the mid elevations of the Andes (Jiggins et al., 1996; Nadeau et al., 2014).
A study of the population genetics of parallel hybrid zones in H. erato and H. melpomene

found regions of high genomic differentiation between highland and lowland subspecies
that did not coincide with colour pattern loci and were hypothesized to be under selection
for adaptation to altitude (Nadeau et al., 2014). Furthermore, wing shape has been shown
to consistently vary with elevation across species and populations (Chapter 2), indicating
potential phenotypic local adaptation to altitude. In this study, we search for signatures of
local adaptation to high altitude with extensive sampling and use population branch statistics
(PBS) as a measure of lineage-specific differentiation at high elevations (Yi et al., 2010).
We harness the power of natural spatial replication within and across sides of the Andes, to
obtain the first insight into the genomics and parallelism of adaptation to high altitude in this
genus.
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4.3 Methods
4.3.1 Study system and butterfly collection
H. erato and H. melpomene can be found across most of the Neotropics and have Müllerian
aposematic mimicry to advertise their toxicity to predators, thus share colour pattern when
inhabiting the same areas (Jiggins, 2016). They can be found continuously coexisting across
elevational clines ranging from sea level up to 1600 m along the Andean mountains, and H.

melpomene can be found across elevations up to 1800 m. Butterflies were collected from 111
localities with hand nets. We sampled four clines for each species, two on each side of the
Andes (Colombia West, Ecuador West, Colombia East, Ecuador East. Figure 4.1). The Andes
acts as a barrier to gene flow, as elevations in these latitudes are too high for butterflies to fly
across. In each cline we sampled populations in the highlands, nearby lowlands, and distant
lowlands populations, to control for genetic drift due to isolation by distance(Figure 4.1). All
but one of these clines (Colombia East) had the same subspecies in the three elevations, to
avoid differentiation due to highly divergent colour pattern loci (Figure 4.1 B, C). Detached
wings were stored in glassine envelopes and bodies in EtOH (98%) vials.

4.3.2 Whole-genome sequencing
Whole genome sequence data from 518 individuals was analysed in this study, 444 were
newly sequenced here, while the rest were obtained from published studies (n=74). Of the
newly sequenced individuals 365 were sequenced at low-medium depth with BGI (~6X), and
79 were sequenced at high depth with Novogene (~18X-30X, S.I. Figure 4.10). Individuals
with H. melpomene malleti phenotypes were genotyped with a restriction digest, following
Nadeau et al. 2014 , to identify cryptic individuals of the species H. timareta ssp. nov., which
are indistinguishable phenotypically from H. m. malleti. We extracted DNA with QIAGEN
DNeasy Blood and Tissue extraction kits, including RNA removal, and confirmed DNA
integrity and concentration (minimum of 10 ng/µL) using Qubit. DNA samples were stored
at -20°C until library preparation. For the individuals that were sequenced with low-medium
depth, a secondary purification was performed with magnetic SpeedBeadsTM (Sigma) and we
prepared Nextera DNA libraries (Illumina, Inc.) with purified Tn5 transposase (Picelli et al.,
2014). PCR extension with an i7-index primer (N701–N783) and the N501 i5-index primer
was performed to barcode the samples. Library purification and size selection was done
using magnetic SpeedBeadsTM (Sigma). We confirmed adaptor lengths through TapeStation
High sensitivity T1000 (Agilent Technologies, CA, USA) and gel electrophoresis. Pooled
libraries were sequenced by The Beijing Genomics Institute (People’s Republic of China)
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using HiSeq X Ten (Illumina). Library preparation and sequencing of the individuals for
high-depth sequencing was carried with HiSeq X platform (150bp paired-end) by Novogene.

4.3.3 Statistical Analyses
All non-genomic analyses were run in R V2.13 (R Development, 2011) (R Development
Core Team 2011) and graphics were generated with the package ggplot2 (Ginestet, 2011)
(Ginestet, 2011).

Read mapping
We aligned the sequence data of all individuals to their corresponding reference genomes,
either H. melpomene version 2.5 (Challis et al., 2016; Davey et al., 2016) or H. melpomene
demophoon (Van Belleghem et al., 2017), obtained from Lepbase (Challis et al., 2016), using
bwa mem (v 0.7.15 Li 2013). We used samtools (v 1.9 Li et al., 2009) to sort and index the
alignment files. Duplicates were removed using the MarkDuplicates program in Picard tools
(v 1.92 Broad Institute 2018). Genome-wide mean sequencing depth was calculated with
samtools (v 1.9 Li et al. 2009).

Population structure
To assess genetic variation between individuals and populations, we performed principal
component analysis (PCA) in the eastern and western clines separately for each species, i.e.
two clines per PCA (Figure 4.1 A). We used the program ANGSD (v 0.933, Korneliussen
et al. 2014) to obtain genotype likelihoods of polymorphic sites in beagle format (-doGlf 2)
for all individuals. We used a random subsample of 1% of the genome in the species wide
PCAs to decrease computing time. Genotype likelihoods were used as input for PCAngsd,
which incorporates genotype uncertainty from genotype likelihoods to obtain a covariance
matrix across all individuals (Meisner and Albrechtsen, 2018).

Isolation by distance and Isolation by environment
To study Isolation by Distance (IBD) and Isolation by Environment (IBE), we first calculated
all pairwise genetic differentiation (Fst) between all populations on each side of the Andes
that had at least 5 individuals each, i.e. H. erato west (npopulation=7), H. erato east (npopulation=
11), H. melpomene west (npopulation=7), H. melpomene east (npopulation= 9), hereafter “side-
species replicate” (Table S1). We calculated pairwise population genetic distance with
the function calculate.all.pairwise.Fst() from the R package BEDASSLE (Bradburd et al.,
2013). This requires a matrix of allele count data, with populations as rows and number of
biallelic unlinked loci sampled as columns, which we obtained with ANGSD and custom
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scripts. First, we obtained a list of highly polymorphic SNPs per side-species replicate,
by (i) heavily filtering 10 random individuals (-skipTriallelic 1 -rmTriallelic 1 -SNP_pval
1e-6 -nInd 10 -minMapQ 20 -minQ 20 -setMinDepth [2*number.individuals] -setMaxDepth
[2*pop.mean.depth*number.individuals] -uniqueOnly 1 -remove_bads 1 -only_proper_pairs
1) and obtaining minor allele frequencies (-doMaf 1) by forcing the major allele to match
the reference state, so that it is the same across all populations (-doMajorMinor 4) (ii)
extracting the sites and the major/minor allele frequencies, (iii) creating an indexed sites file
(angsd sites index), (iv) subsetting so that sites are at least 2kb apart, to prune for linkage
disequilibrium. This list of sites and regions was then used to obtain minor/major allele
frequency counts with all individuals per population, (angsd -P 32 -doMaf 1 -GL 1 -doCounts
1 -rf $REGIONS -sites $SITES) and forcing the major/minor allele to match the ones given
by the sites file (-doMajorMinor 3). From the resulting allele frequencies per population, we
calculated allele counts, by multiplying the number of individuals per population and the
number of chromosomes sampled (2, diploid). We obtained the required allele count matrix
by concatenating all populations per side of the Andes-species replicate, and only keeping
loci with allele counts for all populations.

Geographical distance between populations measured as a straight line through the landscape
is not biologically representative of organisms moving through space. To account for topo-
graphic complexity, we obtained topographic least cost paths with the R package topodistance

(Wang et al., 2020). With historical records from the Earthcape database (Jiggins et al., 2019),
we created a binary habitat suitability raster based on the elevational range of each species,
so that least cost paths between populations never included elevations that these butterflies do
not inhabit. Then, we used the function topoLCP() to get the least cost path distance between
populations (Figure 4.9, Wang et al. 2020), and use it as a proxy of isolation by distance
between populations.

Analysis of Genetic Diversity
We studied genetic variation within populations by estimating two summary statistics with
ANGSD (Korneliussen et al., 2014), nucleotide diversity (pi, or population mutation rate) and
Tajima’s D, which estimates the deviation of a sequence from neutrality. ANGSD has been
found to be an accurate estimator of nucleotide diversity because it includes invariant sites
in analyses (Korunes and Samuk, 2020). Firstly, we obtained folded global site-frequency
spectra for each population (angsd -bam pop.bam.filelist -doSaf 1 -anc reference.fa -GL
1; realSFS -fold 1). Then we calculated pairwise nucleotide diversity per site (thetaD,
realSFS saf2theta). Finally, we performed sliding window analysis of 5kb window size
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and 1kb steps (thetaStat do_stat) to obtain sum of pairwise differences, Tajima’s D, and
total effective number of sites per window. Nucleotide diversity (π) is obtained by dividing
the sum of pairwise differences by the total number of sites per window. Additionally, we
obtained recombination rate for 50kb windows along the genome from the mean population
recombination rate (ρ = 4Ner; r = probability of recombination per generation per bp)
estimated for 13 H. erato populations from across the range in a recent study (Belleghem et al.,
2020). These were calculated with LDhelmet and then averaged across all populations to
control for variation in nucleotide diversity across populations along the genome (Belleghem
et al., 2020; Chan et al., 2012).

Population Branch Statistics
To search for signatures of local adaptation to high altitude we use a measure of lineage-
specific differentiation, population branch statistics (PBS) (Yi et al., 2010). PBS is a summary
statistic based on pairwise genetic differentiation (Fst) among three populations, two of which
are located closely geographically (high, low) and one distant outgroup (low distant). For
each population trio (high, low, low distant Figure 4.1 A), we computed PBS with ANGSD
(Korneliussen et al., 2014). We first obtained genotype likelihoods to calculate the site-
frequency spectrum (SFS) per population (angsd -P 12 -anc reference.fa -ref reference.fa
-dosaf 1 -gl 1 -doCounts 1). Then, we computed 2D-SFS for each population pair (high-low,
high-low.distant, low-low.distant) with the function realSFS. We then used the 2D-SFS as
a prior for the joint allele frequency probabilities at each site, which are used to compute
per-site pairwise Hudson’s Fst (Hudson et al., 1992) (Hudson et al., 1992) as interpreted by
Bhatia (Bhatia et al., 2013) (Bhatia et al., 2013, realSFS fst index -whichFst 1) among the
three populations (Fsthigh-low, Fsthigh-low, Fsthigh-low.distant) and PBS per population (PBShigh,
PBSlow, PBSlow.distant). This is achieved by first transforming pairwise Fst values into relative
divergence times:

T =−log(1−Fst)

To then obtain PBS for a given population (here the highlands):

PBShigh =
Thigh−low +Thigh−low.distant −Tlow−low.distant

2
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This quantifies the magnitude of allele frequency change in the highland lineage since its
divergence from the lowland and lowland distant populations. Regions of the genome
with large PBS values represent loci that have undergone population-specific sequence
differentiation consistent with positive selection. We computed weighted Fst and PBS
averages per 5kb window size and 1kb steps (realSFS fst stats2 -type 0 -whichFst 1), with
the same window centres across datasets (-type 0). For clines where only two out of three
populations had any individuals (Colombia west for H. erato and Ecuador west for H.

melpomene Figure 4.1 A), we computed pairwise Fst only. Finally, we normalized PBS and
Fst window values with z-scores, i.e. number of standard deviations from the mean, so that
divergence is comparable across clines.

Outlier detection, sharing between replicates, and simulations
To measure genetic parallelisms in adaptation to high altitude, we quantified overlap of outlier
windows and adjacent regions across clines and species. We considered outlier windows
to be those with values above 4 standard deviations from their mean (zPBShigh>4, zFst>4).
We then expanded outlier window positions 50kb upstream and 50kb downstream from the
window center and obtained a list of outlier windows that overlapped with other clines, either
within or across sides of the Andes for each species, to highlight parallelism when visualizing
patterns of genome-wide divergence.

To test whether the level of parallelism observed between clines within and across sides of
the Andes was larger than expected by chance, we used the R package intervals (Bourgon,
2020). We first created outlier window intervals, by obtaining the start and end positions of
continuous blocks of outlier windows (±50kb buffers) with the function Intervals() (options
type=Z, closed). We obtained the observed proportion of total intervals that overlapped,
at any of their positions, with outlier intervals in the other cline within sides of the Andes,
or with outlier intervals in both, the other cline within the same side of the Andes and
the two clines on the other side of the Andes. We calculated confidence intervals around
the proportion of overlapping intervals by performing random jacknife block resampling
across the genome. We then simulated 10,000 randomized distributions of outlier-window
intervals across the genome per cline, per species (n=8). In each simulation set, we randomly
placed the same number of intervals and of the same size as the observed outlier-window
intervals for those clines. With these, we estimated the proportion of simulated intervals that
overlapped with observed outlier intervals within and across sides of the Andes, obtaining as
a result a null distribution of interval overlap proportions.
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To check for outlier window overlaps between species, we mapped the H. melpomene

windows (starts and end positions) to the H. erato reference genome using a chainfile from
Meier et al. 2020 and the liftover utility (Hinrichs, 2006). In focal regions we performed
a local PCA with the sites contained within outlier windows in this region (>4 standard
deviations from the mean), by obtaining genotype likelihoods in beagle format (-doGlf 2) as
input for PCAngsd, similarly to the population structure analysis. We combine clines within
and across sides of the Andes on each PCA, to determine whether in this genomic region
individuals cluster by elevation rather than by geography.

Annotation and GO-terms
We examined functional enrichment of genes found overlapping outlier high-altitude differ-
entiation regions shared across clines of each species. We conducted Gene Ontology (GO)
enrichment analysis using biological process GO annotation found in Lepbase “interproscan”
files (Challis et al., 2016), with which we produced a ‘reference’ gene set with all available
gene GO annotations. We then extracted genes within our outlier regions with the package
GenomicRanges (Lawrence et al., 2013) to test for over-representation of GO biological pro-
cesses with the package topGO (Alexa et al., 2006). We used a Fisher’s exact test accounting
for hierarchy in the GO terms (algorithm “weight01”) and an alpha of 0.05 to determine
significance.
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4.4 Results
We used whole-genome data from 518 re-sequenced individuals, 444 of which were newly
sequenced for this study (Figure 4.1 A). Samples were collected from 111 different locations,
which we grouped into 30 populations, corresponding to four clines Colombia West/East,
and Ecuador West/East (Table S1). In each cline populations were either in the highlands
(altitude mean=1235 m), lowlands (altitude mean=364 m), or distant lowlands (altitude
mean=95 m), (Figure 4.1 A). Mean sequencing depth was very similar across areas of H.

erato (mean=8.93, S.I. Figure 4.10), and was generally higher for H. melpomene (mean=
12.3), but more variable, especially in Colombia where many sequences were obtained from
published studies.
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Figure 4.1 Sampling design. A) Map of the 30 populations sampled for this study for four study clines
(Colombia West/East, Ecuador West/East). More details of each population can be found in Table S1.
The black scale bar represents 25km. Plot depicts mean altitudinal and geographical distance of the
three population types for both species. Number of whole-genome sequences per elevation and cline
in H. erato (B) and H. melpomene (C).
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4.4.1 Genetic diversity and population structure across clines and alti-
tudes

Nucleotide diversity (π) within populations was higher in the West compared to the East in H.

erato, but equal across sides of the Andes in H. melpomene and across species (Figure 4.2 A).
There were no consistent differences in nucleotide diversity between elevations. In contrast,
Tajima’s D was negative across populations, characteristic of expansions after a bottleneck,
but generally higher in highland populations which indicates a more recent bottleneck in
the lowlands or ongoing contractions in the highlands (Figure 4.2 B). For both species the
western populations had more negative Tajima’s D, in other words, an excess of rare alleles
typically found in expanding populations after a bottleneck. The only area where Tajima’s D
averaged around 0 was the East populations of H. melpomene, whereas all other populations
had negative mean Tajima’s D (Figure 4.2 B).

Figure 4.2 Nucleotide diversity (π , A) and Tajima’s D (B) calculated per population (Table S1), and
plotted by population area (highland, lowland, lowland distant) and by side of the Andes and species.
Means per population area are shown as vertical lines.

Most of the species-wide genetic variation can be explained by whether individuals were
found on the East or West of the Andes, as it acts as a barrier to gene flow for both species
(PC1 H. erato: 80.79%, PC1 H. melpomene: 69.95%; Figure 4.1 A, Figure 4.3). There was
generally low genetic differentiation between populations within sides of the Andes of each
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species (H. erato West Fst= 0.051±0.03, H. erato East Fst= 0.045±0.02, H. melpomene West
Fst= 0.076±0.03, H. melpomene East Fst= 0.069±0.02), and lower population structure in the
East compared to the West, for both species Figure 4.3. In the West, subspecies with different
colour patterns inhabit Colombia and Ecuador (shades of blue, Figure 4.1 B, C), and there is
a large latitudinal difference between the two clines (Figure 4.1 A). In contrast, in the East,
the clines are geographically closer, except for the low distant Colombian population, which
is over 1000km away from the highlands, but at the same latitude as the lowlands and within
the Amazon forest. However, a different subspecies can be found in the highlands of eastern
Colombia (grey, Figure 4.1 B, C), whereas the rest of the clines had the same subspecies
across elevations. These populations are genetically differentiated in a genome-wide PCA
(Figure 4.3), although there is extensive gene flow with the lowland populations.

Figure 4.3 Population structure between all individuals of H. erato and H. melpomene (top panel)
and divided into sides of the Andes (bottom panel). Genetic variation along the first two eigenvectors
of a principal component analysis (PCA) and the percentage of variance explained by the principal
components is shown in brackets. Blue subspecies are on the West of the Andes (cyrbia, venus, cythera,
vulcanus), whereas orange/red/grey subspecies are on the East of the Andes (lativitta, reductimacula,
malleti, vicina). Note that in the West, Ecuador and Colombia have different subspecies (Figure 4.1
B, C), and, additionally, the highlands of Colombia East have different subspecies compared to the
lowlands (grey).
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4.4.2 Isolation by Environment vs Isolation by Distance
Genetic pairwise differentiation between populations increased with geographic distance
(Figure 4.4), indicative of isolation by distance. The slope of the correlation between genetic
and geographic distance was steepest in the West for both species (Figure 4.4), indicating
more drift and/or less gene flow. At equal geographic distances, genetic differentiation
was higher when comparing highland vs lowland populations (black, Figure 4.4), than
when comparing lowland vs lowland populations (green, Figure 4.4), indicating isolation
by environment. This difference was stronger in H. erato than in H. melpomene Figure 4.4).
Interestingly, Fst was generally highest, at short geographic distances, when comparing two
highland populations (blue, Figure 4.4).

Figure 4.4 Pairwise population genetic differentiation (Fst) between all population pairs per side of
the Andes and per species. Population pairs can be both at high altitude (blue), both at low altitude
(green), and high vs. low altitude (black). Geographic distance incorporates topography and least cost
paths to circumvent elevations at which these species are not found. Pearson correlation and p-values
shown.

4.4.3 Genome-wide patterns of parallel population-specific differentia-
tion at high altitude

To detect high-altitude specific differentiation, we calculated Population Branch Statistics
(PBS) for the 3 out of 4 clines for which we had three populations in each species. Under
neutrality, the low distant population branch is expected to have the longest genome-wide
average, as genetic drift would be highest in the most geographically isolated population. In
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H. erato, the highland branch (PBShigh mean=0.01±0.008) was longer, genome-wide, than
the lowland branch (PBSlow mean=0.002±0.0003, Figure 4.5), and this was consistent across
the three clines studied (S.I. Figure 4.11). In H. melpomene, the highland branch (PBShigh

mean=0.022±0.01) tended to be longer than the lowland branch (PBSlow mean=0.014±0.01)
in each cline (Figure 4.5), but there was larger variation in PBSlow.distant, with Colombia East
showing high levels of population-specific differentiation in the distant lowlands.

Figure 4.5 PBS genome-wide means per population. Three out of four clines per species had sufficient
individuals in the three populations to carry out PBS (Figure 4.1), in the other two only pairwise Fst
was performed.

We detected many regions across the genome strongly differentiated in high altitude popula-
tions across clines and species (Figure 4.6). In the three H. erato clines with three populations
(PBS), we found 216 outlier blocks (±47) covering 6.4% of the genome (±1.2%), on average,
with buffers of 50kb. In the three H. melpomene clines with PBS, we found 242 outlier blocks
(±65) covering 10.9% of the genome (±2.5%), on average. The clines for which only two
populations were sampled (Fst), had a higher number of outlier blocks, 400 and 405 blocks,
covering 11.4% and 17.1% of the genome for H. erato and H. melpomene, respectively. This
likely reflects the property of PBS to discern between locally and globally diverging alleles.
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Figure 4.6 Patterns of highland-specific differentiation (zPBShigh) across the genome in four clines
of H. erato (A) and H. melpomene (B). In the two clines where only two populations were samples
zFst is presented. In blue/green are outlier windows (5kb windows, 1kb steps) shared within sides of
the Andes in one species (blue=within West, green=within East) and in red those shared across the
four clines. C) Percentage of outlier windows shared across clines (jacknife resampling confidence
intervals), compared to simulations (grey). D) H. erato population recombination rates across outlier-
shared or background regions.

In H. erato, 45% (±3.8%) and 38% (±4.4%) of outlier blocks overlapped across clines within
the West and the East, respectively (Figure 4.6, blue, green; S.I. Figure 4.12, Figure 4.13,
Figure 4.14). Of those shared within sides of the Andes, more than a third were also
shared across sides of the Andes, i.e. 15% of the total outlier blocks (Figure 4.6 C, red; S.I.
Figure 4.15, Figure 4.16, Figure 4.17). This level of sharing was higher than predicted by
our simulations (Figure 4.6 C) and recombination rate in these regions did not differ from
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the background (Figure 4.6 D). In contrast, H. melpomene had a lower percentage of outlier
blocks shared within sides of the Andes, and very few across sides of the Andes, which did
not differ from the null distribution obtained from simulations (Figure 4.6 C). Additionally,
we tested the effect of increasing or decreasing the buffer size on the difference between
the observed and simulated proportion of outlier intervals shared across clines. We found
that the strength of the difference between observed and simulated values was generally
robust to the size of the buffer, except when increasing the buffer to 100kb in H. melpomene,
which led to a larger difference between the observed and simulated values (S.I. Figure 4.11).
Thus, we used 50kb as buffers around outlier windows, which is conservative given that
well-studied regulatory regions can be up to 100kb away of colour pattern loci in these
species (Nadeau, 2016), and focus on the difference between the observed and simulated
proportion of intervals shared across clines, as a proxy for ‘strength of parallelism’.

4.4.4 Region of differentiation in chromosome 21
We focus on a region in chromosome 21 (Z-chromosome) with several examples of high-
altitude differentiation (Figure 4.7 , H. erato: Herato2101:9200000-10200000; H. melpomene

(equivalent): Hmel221001o:7122901-7886683). In H. melpomene, the eastern clines (red,
orange) show parallel high-altitude differentiation in a wide region, Hmel221001o:7222500-
7605500, in contrast to the western clines (dark blue, light blue) which do not show any
differentiation (Figure 4.7 A; S.I. Figure 4.18, region 65). The outlier window with the
highest zPBShigh or zFst value within this region was found within two genes that could be
annotated, CG9492 or male fertility factor kl3 (kl-3), which is a dynein chain involved in
cilium movement for hearing and sperm, and stress-sensitive B (ses-B) which is involved
in response to oxidative stress and determination of adult lifespan, among other functions
(Table S2).

In H. erato, there were two distinct regions of differentiation (Figure 4.7 B). The first one (S.I.
Figure 4.15, East 74 Herato2101:9357000-9577000), was differentiated in parallel between
clines of the eastern side of the Andes (red, orange) and contained the gene furrowed was
annotated within (Table 4.3). In contrast, the second region had high levels of zPBShigh

or zFst in all four clines (S.I. Figure 4.14, West 134 Herato2101:9935500-10084500; S.I.
Figure 4.15, East 75 Herato2101:9986000-10035000), and contained the genes RhoGAP68

and, downstream, Cyclophilin-like (Table S3). Pairwise Fst differentiation between the three
elevations at these regions show the expected pattern, by which the lowland vs lowland distant
differentiation was generally lower than the highland vs lowland distant comparison, despite
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being similarly isolated by distance (S.I. Figure 4.18). To test how relatedness between
individuals varied across this region, and whether it differed from the geographic clustering
observed genome-wide (Figure 4.3), we performed PCA with sites at shared outlier windows
only (Figure 4.7 C, D). For the region diverging across clines of the East, we only included
H. erato individuals from the East Colombia/Ecuador cline, and found that these clustered
by altitude along PC1 (Figure 4.7 C), which explained 69.6% of the variation, instead of
by geography or subspecies (Figure 4.3 A). This suggests a common shared high-altitude
variant across these populations. For the region differentiated across all clines, we included
all H. erato individuals, and found strong differentiation between individuals of the East and
West of the Andes, clustering by geography (Figure 4.7 D).
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Figure 4.7 Evidence of parallel adaptation to altitude across independent clines. Regions in the
chromosome 21 showing high altitude-specific differentiation (zPBShigh) or divergence between high
and low populations (zFst, H. erato: Colombia West, blue circles, H. melpomene: Ecuador West,
blue triangles) in H. melpomene (A) and H. erato (B). Each point represents zPBS or zFst values in a
5kb window with 1kb steps. H. melpomene genomic positions were lifted over with a chainfile from
(Meier et al., 2020) to match H. erato genomic positions, thus A and B show equivalent regions across
species. Genetic variation along the first two eigenvectors of a principal component analysis (PCA)
with outlier windows (>4stdv, grey dotted line) that are shared across clines within the East of the
Andes (C) and across sides of the Andes (D). Each point represents an individual belonging to those
clines and the percentage of variance explained by the principal components is shown in brackets.
Red squares are highland subspecies of Eastern Colombia (H. e. dignus and H. m. bellula), equivalent
to grey squares in Figure 4.3.
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4.4.5 Gene Ontology
We retrieved genes overlapping with regions of high-altitude differentiation that were shared
across at least two clines (H. erato n=219, H. melpomene n=115). Overall, 908 and 747
genes were found to overlap with outlier regions in H. erato and H. melpomene, respectively
(H. erato genes total= 13676 genes, H. melpomene genes total= 20097). Of those, 549
and 314 had gene ontology biological processes annotated on Lepbase (H. erato genes
with annotations total= 12042 genes, H. melpomene genes with annotations total= 8256,
Challis et al. 2016). We found 15 and 18 biological processes over-represented in high
altitude associated regions of H. erato and H. melpomene, respectively (Figure 4.8, p<0.05,
Table S4, Table S5). For H. erato, the top three processes were protein phosphorylation,
inositol biosynthetic process, and protein arginylation (Figure 4.8, S.I. Table 4.4), and for H.

melpomene chitin metabolic process, cellular iron ion homeostasis, and tissue regeneration
(S.I. Table 4.5). One of the significant GO biological process, transmembrane transport, was
enriched in both species (red, Figure 4.8).
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Figure 4.8 Biological process gene ontology of genes found overlapping with outlier regions shared
across clines in H. erato (A) and H. melpomene (B). Red bars indicate categories found in both
species. All categories presented were significantly enriched (p<0.05) with a Fisher’s Exact Test
weighted algorithm accounting for the hierarchy of gene ontology, implemented with the package
topGO (Alexa et al., 2006)



4.5 Discussion 105

4.5 Discussion
The prevalence of genetic parallelism across populations and species adapting to similar
environments is a long-standing question in evolution. Through whole-genome re-sequencing
of 518 individuals of two species across independent altitudinal clines, we found evidence
for high-altitude specific differentiation in narrow regions of the genome. We uncovered
high levels of parallelism between clines within sides of the Andes and in H. erato, there was
additionally significant parallelism between clines on different sides of the Andes, which
lack gene flow between them. In contrast to colour pattern genetics, parallelism between
species in putative altitude-adaptive loci was largely absent. Our study provides some of
the first insight into the genomic basis of adaptation to altitude in insects and highlights the
prevalence of genomic parallelism in local adaptation.

4.5.1 Isolation by Distance and Environment
We found that populations further apart geographically had higher genome-wide differentia-
tion in both species. Isolation by Distance (IBD) predicts that gene flow between populations
is affected by the geographic distance, i.e. straight line, between them (Wright, 1943). This
model assumes a homogenous environment and has been shown in many systems (Nadeau
et al., 2016b; Rajora, 2019). Here we found significant IBD between population pairs and
a steeper slope in the relationship between genetic differentiation and geographic distance
on the West in both species. The western clines cover a much wider range of latitudes
compared to the East (Figure 4.1), which could reduce gene flow between populations as the
environment changes more drastically (Horne et al., 2018).

We found some evidence for Isolation by Environment (IBE, Bradburd et al. 2013), where
genome-wide differentiation between populations was larger when these were from different
altitudes than when they were from the same altitudes, especially for lowland-lowland com-
parisons. A notable exception to the IBE pattern in our study was the pairwise comparisons
among highland populations, which, despite being seemingly close geographically, showed
higher genetic differentiation than other population pairs. We incorporated topography and
species’ elevational range to our calculation of geographic distance between populations, to
estimate the least cost plausible path a butterfly could take between populations. However,
this does not account for the resistance of the landscape to dispersal, i.e. it does not penalize
for changes in elevation or turns across valleys, as it assumes that organisms have perfect
knowledge and dispersal would occur via the least-cost path (Rajora, 2019; Wang et al.,
2020). Thus, our topographic distance measure is unlikely to represent the true dispersal
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likelihood between populations at high altitude, which could explain their observed higher
differentiation than predicted by isolation distance.

IBE predicts that the genetic differentiation between sampling units should increase with
increasing environmental dissimilarity, due to natural or sexual selection against immigrants,
reduced hybrid fitness between populations or biased dispersal (Wang and Bradburd, 2014).
Within-population nucleotide diversity π did not differ between elevations, rejecting the
hypothesis that high elevation populations have lower effective population sizes in these
species, as observed in other systems or in simulations (Hämälä and Savolainen, 2019; Jasper
and Yeaman, 2020). Our nucleotide diversity estimates broadly match those described in
the H. erato (Belleghem et al., 2018; Counterman et al., 2010) and H. melpomene literature
(Martin et al., 2016). Tajima’s D was generally negative, suggesting population expansions
after a bottleneck, but closer to zero in highland populations across clines and species,
suggesting an ongoing contraction or a more recent bottleneck in the lowlands. Only the
eastern H. melpomene populations Tajima’s D averaged around 0, indicating a mutation-drift
equilibrium. This is similar to one recent study (Moest et al., 2020), but in contrast to a
previous study that found strong signatures of expansion in eastern H. melpomene populations
(Martin et al., 2016). Methodological differences between studies could affect the absolute
value of these measures (Korunes and Samuk, 2020), but not the consistent trend of elevated
Tajima’s D at high elevations across populations and species seen here, which suggests
different demographic histories between elevations.

Genome-wide clustering of individuals highlighted structuring by colour-pattern subspecies
in the East H. erato clines, and an effect of distance in eastern H. melpomene populations. In
the West, the Ecuador and Colombia clines are genetically differentiated, probably as a result
of greater distance and latitudinal difference between the two compared to the East. East and
West individuals were highly differentiated, as H. erato and H. melpomene populations split
0.7-1 Mya (Belleghem et al., 2018, 2020) and ~1-1.5Mya (Moest et al., 2020), respectively,
and the Andes prevent gene flow between them at these latitudes. The Andean split facilitates
the study of local, parallel adaptation to the environment, as populations are thought to have
independently expanded their ranges towards the uplands across sides of the Andes, while
genetic differentiation between populations on either side remains low.

4.5.2 High altitude differentiation
Genome scans have traditionally been used to detect loci with unusually high differentiation
between populations inhabiting different environments (Barrett and Hoekstra, 2011; Hoban
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et al., 2016). However, recent studies have warranted against inferring local adaptation from
peaks of pairwise differentiation (Fst). Low recombination rates accompanied by linked
selection, varying demographic histories, population structuring, and different selection pres-
sures through time can all lead to highly variable patterns of Fst across the genome (Booker
et al., 2021, 2020; Delmore et al., 2018; Ravinet et al., 2017; Wang et al., 2016). Nevertheless,
genome scans have identified variants of interest that have then been functionally tested
and shown to confer local adaptation in many systems (Jones et al., 2012; Nadeau et al.,
2014). Statistics that summarise the shape of the site frequency sprectrum, such as Tajima’s
D, can also be useful to detect selective sweeps across the genome, as the the number of rare
and common alleles will be skewed from neutral expectations (Martin and Jiggins, 2013;
Tajima, 1989). However, these are also affected by population-specific demographic factors
and recombination rate variation (Schneider et al., 2020). Thus, the field is now moving
towards using genome scans as working hypotheses that needs to be carefully interpreted in
concert with a wealth of selection statistics (Harris et al., 2020; Hejase et al., 2020; Jasper and
Yeaman, 2020; Schneider et al., 2020). In addition, effective replication over space and/or
time can help discern between neutral or selective processes driving patterns of differentiation
(Booker et al., 2017, 2021).

Here we use population trios to scan for signatures of population specific differentiation
with Population Branch Statistics (PBS). This statistic was developed to study adaptation to
high altitude in Tibetans (Yi et al., 2010), and has been applied to other human high-altitude
populations (Huerta-Sánchez et al., 2013; Reynolds et al., 2019; Udpa et al., 2014) and
other systems (Amorim et al., 2017; Delmore et al., 2020; Hämälä and Savolainen, 2019;
Lindo et al., 2016; Oziolor et al., 2019; Vijay et al., 2017; Wallberg et al., 2016). PBS can
distinguish between global and lineage specific differentiation by constructing a trifurcating
population tree that includes an outgroup. Then the fraction of differentiation attributable
to each branch is calculated, identifying regions disproportionally diverging at the focal
population, consistent with relaxed selective constraint or positive selection (Librado and
Orlando, 2018; Yi et al., 2010). By comparing highland, lowland, and distant lowland
populations as outgroups we control for differentiation due to genetic drift to some extent
and identified regions differentiating strongly at high altitude. Gene flow was high between
populations, as evidenced by the generally low levels of genome-wide genetic differentiation
between populations and moderate levels of isolation by distance, which increases our power
to detect potentially adaptive loci. We were particularly interested in testing whether regions
shared across sides of the Andes in H. erato had lower recombination rates that could
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inflate differentiation statistics, but we did not detect any difference compared background
levels. Furthermore, we found that 6 and 3 of the H. erato and H. melpomene shared outlier
regions, respectively, were among the top 20 loci with strongest selection scores (composite
likelihood ratio sweeD, haplotype integrated score iHS, and omega) identified by a previous
study comparing altitudinally structured subspecies (Meier et al., 2020). Thus, it is likely
that our approach succeeded at detecting high-altitude specific differentiation and that some
of these regions have undergone positive selection.

4.5.3 Parallelism across clines and species
In this study, we make use of the Andean split and of the high gene flow between populations
within sides of the Andes to assess the genomic parallelisms of adaptation to high altitude
in H. erato and H. melpomene. Overall, there was abundant parallelism in regions of high
differentiation at high altitude in H. erato, but considerably less in H. melpomene. It has
been argued that globally beneficial mutations sweeping across populations at the time of
sampling could lead to allele frequency differences in pairwise Fst comparisons (Booker et al.,
2021). However, these would be unlikely to show consistent patterns across geographically
distant clines within sides of the Andes, nor across isolated clines on either side of the Andes.
The extent of parallelism in H. erato was higher than expected at random both between
clines within and across sides of the Andes, whereas in H. melpomene it was only prevalent
within sides of the Andes. We found little evidence of parallelism between H. erato and
H. melpomene, which are distantly related within the Heliconius clade (Kozak et al., 2015).
However, the wide outlier region presented in Figure 4.7 does overlap across species in
the eastern clines, but not in the West. This opens an intriguing possibility of adaptive
introgression, perhaps via means of other more closely related high altitude specialist species,
to have led to similar regions being differentiated.

Parallel phenotypic evolution has been shown to not always arise as a result of highly parallel
genetic differentiation (Bolnick et al., 2018; Harris et al., 2020; Westram et al., 2014), in fact
even if the same genes are involved often different mutations can lead to similar phenotypes
(Rosenblum et al., 2010). In this study, we found several instances of shared outlier regions
highly differentiated at high altitudes but with the most differentiated SNPs located at slightly
different positions for each cline (e.g. S.I. Figure 4.12, region 17; Figure 4.16 region 88),
potentially indicating that different, but nearby, genic or regulatory regions may have been
involved in adaptation to high altitude. The definition of parallel vs convergent has been
extensively debated in the literature, and the hierarchical nature of molecular mechanisms
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and traits makes it difficult to define a single threshold to define parallelism (Rosenblum
et al., 2010; Witt and Huerta-Sánchez, 2019).

Structural variants, particularly inversions, have been found repeatedly involved in instances
of parallel adaptation to the environment (Westerman et al., 2018). Chromosomal inversions
store standing genetic variation, by suppressing recombination, and have been shown to
facilitate parallel adaptation to the environment as they maintain adaptive allelic combinations
intact (Fang et al., 2020; Huang et al., 2020; Mérot et al., 2020; Todesco et al., 2020). We
identified several wide regions of high PBS and Fst, especially in chromosome 2 of H. erato,
for which additional local PCAs showed a typical pattern of inversions with three clusters
of individuals representing three haploblock combinations (Mérot, 2020). The relative
frequency of each haplotype varied with altitude and chromosomal inversions in this region
have been identified previously in altitudinally structured populations (Meier et al., 2020),
thus they could be playing a role in adaptation to altitude that should be considered further in
future studies.

Convergent adaptation at the genomic level between populations of the same species can arise
via three main mechanisms: selection on independent de-novo mutations at the same loci,
shared ancestral standing variation, or spread via gene flow (Lee and Coop, 2017). We found
high-altitude outlier loci (chr. 21) clustering by elevation, rather than by geography, with a
local PCA of both eastern clines of H. erato. This indicates that the same variants are involved
in producing the differentiation signals but does not narrow down the potential origin of the
genetic variation. In contrast, when including individuals from both sides of the Andes in an
outlier region shared across four clines, we observed clustering by geography concordant
to the genome-wide PCA. This could indicate either that different variants are involved and
have arisen independently on each side of the Andes or that the lack of gene flow between
the East and the West has led to differentiation of adjacent sites due to drift. The generally
high levels of nucleotide diversity in all populations could favour allele re-use in adaptation
to high altitude. In Drosophila diversity correlates with the likelihood of parallelism (Zhao
and Begun, 2017). The deeper divergence time for the Andean split in H. melpomene could
explain the lower parallelism between clines on different sides of the Andes. In a similar
manner, parallelism in Arabidopsis species adapting to alpine environments also shows lower
parallelism where lineages are more divergent (Bohutínská et al., 2020; Conte et al., 2012).
Future studies could focus on disentangling the mode of parallelism in this system, as it is
likely to arise through a combination of mechanisms and could provide a great setting for
testing new methods (Lee and Coop, 2017, 2019).
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4.5.4 Adaptations to altitude
We found several gene ontology categories enriched in regions differentiating at high altitude
in each species, including protein phosphorylation and inositol biosynthetic process, in H.

erato, chitin metabolic process in H. melpomene, and transmembrane transport in both. Many
phenotypes are expected to change at high altitude, which makes it difficult to identify, a

priori, a list of candidate functions potentially involved in local adaptation to elevation.
Adaptation to hypoxic environments at high altitudes has received considerable attention,
as enhancing tissue oxygen uptake and delivery is essential for highly mobile ectotherms to
succeed at high elevations. One of the few studies on the genomics of adaptation to altitude
in insects (but see Pool et al. 2017), recently found that migratory Tibetan locusts had an
enrichment of metabolic regulation genes when comparing highland and lowland populations
and when treated with hypoxic environments, particularly fatty acid biosynthesis, insulin
signaling pathway, and oxidative phosphorylation (Ding et al., 2018). They functionally
demonstrated that an inhibitor of the insulin signaling pathway, PTPN1, mediated hypoxia
adaptation (Ding et al., 2018). Protein phosphorylation, our top GO term for H. erato, has
been shown to significantly improve cold acclimation and tolerance in Drosophila (Colinet
et al., 2017).

Inositol is a carbocyclic sugar involved in insulin signal transduction and glucose metabolism,
shown to be involved in circadian rhythm regulation, male sterility, cold tolerance, and wing
development in Drosophila (Dean et al., 2016; Jackson et al., 2018; Sakata et al., 2020;
Vesala et al., 2012; Wittwer et al., 2005). A recent study conducting experimental evolution
to hot environments with lines of Drosophila simulans, found strong enrichment for chitin
metabolism (top candidate in H. melpomene), transmembrane transport (candidate in both
species) and oxidative phosphorylation genes (top candidate ‘protein phosphorylation’ in H.

erato, Mallard et al., 2020). Chitin synthesis is essential for trachea formation, and it has
been associated with adaptation to altitude in Tibetan tussock moths (Zhang et al., 2017),
cold tolerance in dessert beetles (Cai et al., 2017), and Drosophila latitudinal clines (Zhao
et al., 2015). Thus, our gene ontology enrichment results match those found in the literature
and highlight the potential for inositol, phosphorylation, and chitin synthesis in facilitating
adaptation to high altitude environments.

4.5.5 Conclusions
By studying recently and anciently diverged populations at different altitudes within and
across sides of the Andes of two species we have uncovered (i) strong signatures of high-
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altitude differentiation in narrow regions across the genome, consistent with positive selection,
and (ii) high levels of molecular parallelism between clines on the same side of the Andes,
likely facilitated by gene flow or standing genetic variation. Further research is needed
to understand the level of molecular parallelism in regions of high differentiation shared
across sides of the Andes in H. erato, as these may represent de-novo mutations on slightly
different parts of adaptive genes or their regulatory networks. The overall lack of parallelism
across species points towards genetic redundancy of polygenic evolution that allows different
combinations of alleles to confer adaptation to the same environments (Barghi et al., 2020).
The evolutionary success of H. erato and H. melpomene in colonising a wide range of
elevations might have been facilitated by high levels of genetic diversity and gene flow
allowing for allele re-use from standing genetic variation. Gene ontology categories of
regions highly differentiated at high altitude suggest their potential involvement in hypoxia
and cold adaptations. Highland adaptation in Heliconius is an exciting new area of research
that will help us understand the molecular underpinnings of local adaptation in the wild.
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4.6 Supplementary Information
Table 4.1 Population summaries (n=30) corresponding to the points shown in Figure 4.1 A. Nearby
localities were considered one population, individual localities listed as they appear on the Earthcape
database separated by “;”, Jiggins et al. 2019.

NameSide Andes Country Alt. Localities on Earthcape # era.# melp. lat. lon. altitude

flo East Colombia High

Sucre, Florencia; Sucre;
Doraditas; Finca C.
Piñacué; Quebrada

Las Doraditas

4 8 1.795 -75.660 1174

moc East Colombia High
Mocoa-Subundoy site 4;
Mocoa-Subundoy site 5

6 0 1.079 -76.716 1235

cam East Colombia High
Campo Cana 02; Campo
Cana 01-13; Campo Cana

Mauricio 1-3

14 17 1.214 -76.685 993

bae East Ecuador High
Km 119 Baeza - Lago
Agrio; Baeza - Lago
Agrio, Rio Salado

0 10 -0.191-77.697 1360

sum East Ecuador High
Wild Sumaco

Hummingbird Trail
0 5 -0.677-77.599 1468

rev East Ecuador High

Reventador road;
Reventador-Sucumbios;

San Raphael Falls,
Baeza-Lago Agrio,

14 3 -0.030-77.529 1312

nar East Ecuador High

Reserva Narupa, P10;
Reserva Narupa, bridge;

Jondachi, Napo, Ecuador;
Mina Negra; Finca Narupa,
bridge; Finca Narupa; Finca

Jose Simbanas P13;
Road after y in km24

Tena-Quito

18 7 -0.703-77.753 1178

bra West Colombia High

Rio Bravo - Calima;
Rio Bravo 3; Rio
Bravo-Calima;

Rio Calima 5km

0 16 3.632 -76.713 1334

que West Colombia High
Queremal;

Queremal (Rio San Juan,
Vereda El Digua)

21 2 3.504 -76.757 1192
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Table 4.1 continued from previous page
NameSide Andes Country Alt. Localities on Earthcape # era.# melp. lat. lon. altitude

min West Ecuador High

Casa Amarilla, Mindo;
Mindo to Finca

Birdadvenrure 4; Mindo to Finca
Birdadvenrure 1;

Mindo to Finca Birdadvenrure 2

11 1 -0.055-78.785 1245

pac West Ecuador High

Nanegal to Marianita;
Pacto to Paraiso, Rio1,3;

Pacto- Rio Toali, site PAC4;
Pacto to Paraiso, Rio2;

Pacto- Rio Toali, site1,2,4-6;
Pacto to Paraiso 1 ;

Mashpi to Pachijal 2;
Road to Mashpi 0,2,3 (116)

20 28 0.154 -78.760 1097

fll East Colombia Low Quebrada La Yuca 0 1 1.610 -75.667 340

guz East Colombia Low
Pto Guzman; finca
la cimita Guzman

12 7 0.956 -76.409 281

esc East Colombia Low

Finca el Escondite;
Via a la Joya-finca el

Escondite-vereda san Rafael;
Via a la Joya-finca el

Escondite-vereda san Rafael

21 2 0.795 -76.585 304

jat East Ecuador Low

Limoncocha - El Carmen 2;
Limoncocha - El Carmen 1;

San Pedro de Arajuno,
Río Arajuno;

San Pedro de Arajuno, trail;
Jatun Satcha P03;

Jatun Satcha, jardin botanico;
Puni Bocana, trail;

Puni Bocana, lodge;
Y de Misahuallí;

Jardin Aleman, Misahualli;
Pununo; Road to Shalcana 2;

Road to Shalcana

33 25 -1.078-77.624 414

bar West Colombia Low Santa Barbara 0 1 3.830 -76.786 282
cau West Colombia Low La Elsa - Rio Digua 0 7 3.580 -76.862 346
all West Ecuador Low Alluriquin 0 2 -0.320-79.337 300
gua West Ecuador Low Guayllabamba 0 12 0.190 -78.902 532
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Table 4.1 continued from previous page
NameSide Andes Country Alt. Localities on Earthcape # era.# melp. lat. lon. altitude

tor West Ecuador Low
Mashpi town (117);
El Tortugo, P24-26;
Pachijal to Tortugo 6

32 11 0.204 -78.943 480

amz East ColombiaLow distant
Puerto Nariño-

Quebrada aguas rojas
6 1 -3.770-70.340 101

let East ColombiaLow distant

Leticia - Vereda San Jose;
Leticia - Km 9.3;

Leticia - Reserva Cerca
viva km12; Leticia -

Tio Tacana 2km

16 7 -4.147-69.960 50

ana East Ecuador Low distant
Anangu Boca del Rio

ECD OR; Napo Wildlife
Center community Anangu

14 5 -0.504-76.388 228

yas East Ecuador Low distant Yasuni Research Station, 14 0 -0.674-76.397 230

pot West ColombiaLow distant
Potes 2 ; Playa

Flores 3; Playa Flores;
Cocalito; Cocalito 2

0 13 6.375 -77.387 30

ama West ColombiaLow distant
Amargal Station;

Amargal 1
4 5 5.572 -77.502 72

ped West ColombiaLow distant San Pedro 1 4 0 3.837 -77.257 4

lad West ColombiaLow distant
Ladrilleros;

La Barra
16 4 3.958 -77.373 34

pue West Ecuador Low distant
Puerto Quito,

La Isla
16 0 0.110 -79.230 130

ton West Ecuador Low distant Tonsupa 1 22 0 0.854 -79.804 77
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Table 4.2 Mean genome-wide Tajima’s and nucleotide diversity (π) per population, calculated in 5kb
windows with 1kb steps.

Species Pop. pi Tajima’s D Cline Altitude
H. erato que 0.024 -0.444 Col. West High

min 0.022 -0.504 Ec. West High
pac 0.023 -0.670 Ec. West High
tor 0.023 -0.834 Ec. West Low
lad 0.023 -0.775 Col. West Low distant
pue 0.023 -0.708 Ec. West Low distant
ton 0.023 -0.734 Ec. West Low distant
cam 0.032 -0.751 Col. East High
moc 0.031 -0.580 Col. East High
nar 0.032 -1.135 Ec. East High
rev 0.032 -1.015 Ec. East High
esc 0.033 -1.317 Col. East Low
guz 0.033 -1.146 Col. East Low
jat 0.033 -1.392 Ec. East Low

amz 0.032 -0.851 Col. East Low distant
let 0.034 -1.264 Col. East Low distant
ana 0.033 -1.267 Ec. East Low distant
yas 0.034 -1.210 Ec. East Low distant

H. melpomene pac 0.020 -0.065 Ec. West High
bra 0.019 0.301 Col. West High
gua 0.020 0.067 Ec. West Low
tor 0.019 -0.068 Ec. West Low
cau 0.020 0.170 Col. West Low
ama 0.020 0.068 Col. West Low distant
pot 0.021 -0.221 Col. West Low distant
bae 0.019 -0.260 Ec. East High
nar 0.021 -0.566 Ec. East High
sum 0.020 -0.278 Ec. East High
cam 0.021 -0.610 Col. East High
flo 0.021 -0.391 Col. East High
jat 0.021 -1.061 Ec. East Low
guz 0.020 -0.479 Col. East Low
ana 0.021 -0.522 Ec. East Low distant
let 0.021 -0.561 Col. East Low distant
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Table 4.3 Gene annotations in Z chromosome region presented in Figure 4.6. H. melpomene Re-
gion East 65 (Figure 4.18) corresponds to Hmel221001o:7222500-7605500; H. erato East 74 H.
erato2101:9357000-9577000 (Figure 4.15), H. erato East 75 H. erato2101:9986000-10035000 (Fig-
ure 4.15).

Region ID Gene Name on Figure 4.6 Flybase hit 1 Flybase hit 2 Description Biological Function

East 65 HMEL012849g1 dyenin
CG9492-PF Dmel

5786.07 0
kl-3-PC Dmel

3850.83 0

dynein heavy chain.
motor protein involved

in hearing and
sperm competition

sensory perception
of sound,

cilium movement

HMEL012850g1 ses-b
sesB-PD Dmel

471.085 5.79299e-133

Ant2-PCAdenine
nucleotide

translocase 2 Dmel
458.759 2.45567e-129

stress-sensitive B.

cellular response to
oxidative stress.

positive regulation
of ATP biosynthetic

process. ATP transport

HMEL012851g1
CG9281-PD

Dmel 1089.33 0
abcF transporter

East 74 Herato2101.318
CG13293-PE Dmel

612.453 3.94033e-175
transcription

corepressor activity
Herato2101.319 Pao rtransposon
Herato2101.320 TE
Herato2101.321 high e-value
Herato2101.322 high e-value
Herato2101.323 high e-value
Herato2101.324 high e-value
Herato2101.325 high e-value

Herato2101.326 furrowed
fw-PC Dmel

1289.25 0

furrowed encodes a
selectin that mediates

the interaction of planar
cell polarity proteins

by stabilizing the
product of frizzled

wing hair organisation

East 75 Herato2101.343 high e-value

Herato2101.344 RhoGAP68F
RhoGAP68F-PE

Dmel 173.711
5.69041e-43

Rho GTPase activating
protein at 68F,

involved in epithelial
morphogenesis

imaginal disc-derived
leg morphogenesis.

ventral furrow formation.
negative regulation

of stress fiber assembly

Herato2101.345
Cypl-PA Dmel

263.848 5.39628e-71
Cyclophilin-like

peptidyl-prolyl cis-trans
isomerase activity,

protein folding

Herato2101.346 high e-value

imaginal disc-derived
leg morphogenesis,

synaptic neuromuscular
junction,
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Table 4.4 H. erato gene ontology enrichment (p< 0.05) for genes overlapping with high-altitude
outlier regions shared across clines. The numbers of genes with GO annotations are provided for both
the reference dataset (NR) and outlier gene dataset (Nsig), the expected number of genes observed
(Nexp) based on a random distribution, and significance (p-value) using Fisher’s exact test weighted
by gene ontology hierarchy.

GO.ID Term NR Nsig Nexp p-value
GO:0006468 protein phosphorylation 232 22 10.6 0.00082
GO:0006021 inositol biosynthetic process 2 2 0.09 0.00208
GO:0016598 protein arginylation 2 2 0.09 0.00208
GO:0008654 phospholipid biosynthetic process 32 6 1.46 0.00285
GO:0055085 transmembrane transport 638 41 29.15 0.00429
GO:0007186 G protein-coupled receptor signaling 154 13 7.04 0.0232
GO:0034314 Arp2/3 complex-mediated actin nucleation 6 2 0.27 0.02761
GO:0006810 transport 1173 63 53.59 0.03167
GO:0006379 mRNA cleavage 1 1 0.05 0.04569
GO:0031032 actomyosin structure organization 1 1 0.05 0.04569
GO:0045747 positive regulation of Notch signaling 1 1 0.05 0.04569
GO:0006120 mitochondrial electron transport 1 1 0.05 0.04569
GO:0008612 peptidyl-lysine modification to 1 1 0.05 0.04569
GO:0097264 self proteolysis 1 1 0.05 0.04569
GO:0007423 sensory organ development 1 1 0.05 0.04569



118 Population genetics of adaptation to high altitude in two Heliconius species

Table 4.5 H. melpomene gene ontology enrichment (p< 0.05) for genes overlapping with outlier
regions shared across clines. The numbers of genes with GO annotations are provided for both the
reference dataset (NR) and outlier gene dataset (Nsig), the expected number of genes observed (Nexp)
based on a random distribution, and significance (p-value) using Fisher’s exact test weighted by gene
ontology hierarchy.

GO.ID Term NR Nsig Nexp p-value
GO:0006030 chitin metabolic process 58 10 2.16 0.000044
GO:0006879 cellular iron ion homeostasis 2 2 0.07 0.0014
GO:0042246 tissue regeneration 3 2 0.11 0.004
GO:0000413 protein peptidyl-prolyl isomerization 16 3 0.6 0.02
GO:0006412 translation 146 12 5.45 0.0283
GO:0006352 DNA-templated transcription initiation 17 4 0.63 0.0328
GO:0000245 spliceosomal complex assembly 4 2 0.15 0.0371
GO:0043154 negative regulation of cysteine-type 1 1 0.04 0.0373
GO:0009416 response to light stimulus 1 1 0.04 0.0373
GO:0046168 glycerol-3-phosphate catabolic process 1 1 0.04 0.0373
GO:0010508 positive regulation of autophagy 1 1 0.04 0.0373
GO:0048598 embryonic morphogenesis 1 1 0.04 0.0373
GO:0019079 viral genome replication 1 1 0.04 0.0373
GO:0006122 mitochondrial electron transport 1 1 0.04 0.0373
GO:0001558 regulation of cell growth 1 1 0.04 0.0373
GO:0001522 pseudouridine synthesis 9 2 0.34 0.0419
GO:0006367 transcription initiation from RNA 9 2 0.34 0.0419
GO:0055085 transmembrane transport 473 25 17.64 0.044



4.6 Supplementary Information 119

Figure 4.9 Least cost path distance example. A) Elevation raster obtained with the package elevatr
(Hollister and Tarak Shah, 2017) for highland and lowland Ecuador eastern populations (circles)
with altitudes covering the elevational ranges of H. erato. B) Geographic distance as a straight line
between populations (black line), topographic distance without accounting for elevational ranges (red
dotted line), and least cost path topographic distance accounting for species elevational rages (blue
solid line). The Sumaco Volcano (Napo, Ecuador) is located between these points. C) Comparison of
topographic distance (red) and least cost path topographic distance (blue).
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.

Figure 4.10 Mean sequencing depth across clines, countries, sides of the Andes and species. Genome-
wide mean depth per individual calculated with samtools (Li et al., 2009)
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Figure 4.11 Effect of increasing outlier window buffer size on the difference between the observed
interval overlap proportion between clines and the simulated null distribution of such proportions.
Each point (from left to right) represents buffers (±) of size: 0kb, 10kb, 50kb, 100kb, which results
in larger outlier blocks (x-axis). Importantly, the difference between the observed and the simulated
proportion, i.e. the significance of parallelism, only increases in H. melpomene, when using 100kb
buffers. Each colour is a different cline population compared against the other cline on the same side
of the Andes (when the code is “country.side”) or compared against the clines on the other side of the
Andes (when the code is “side”).
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Figure 4.12 H. erato zPBShigh values (y-axis, min=0, max=25) along the genome (x-axis) for outlier
regions shared within the western side of the Andes (white background) and, additionally, across sides
of the Andes (grey background). Two clines are presented, Colombia West (dark blue circles) and
Ecuador West (light blue triangles). Only windows >4 standard deviations from the mean are shown.
Region 14 and 21 had significant selective sweep signatures, 12 and 36 had high omega, 5, 13, 25, 26,
31 had high iHS in Meier et al., 2020.
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Figure 4.13 Cont. H. erato zPBShigh values (y-axis, min=0, max=25) along the genome (x-axis) for
outlier regions shared within the western side of the Andes (white background) and, across sides
of the Andes (grey background). Two clines are presented, Colombia West (dark blue circles) and
Ecuador West (light blue triangles). Only windows >4 standard deviations from the mean are shown.
Region 134 is presented in the main text (Figure 4.7 B). 81 and 86 had high omega,
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Figure 4.14 H. erato zPBShigh(Ecuador East cline, orange triangles)/zFst (Colombia East cline, red
circles)/values (y-axis, min=0, max=25) along the genome (x-axis) for outlier regions shared within
the eastern side of the Andes (white background) and, additionally, across sides of the Andes (grey
background). Only windows >4 standard deviations from the mean are shown. Region 74 and 75 are
presented in the main text (Figure 4.7 B). Regions 14, 15 had significant selective sweep signatures,
regions 8, 9, 14, 41, 43, 50 had high omega, and 9, 12 had high iHS in Meier et al. 2020.
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Figure 4.15 H. melpomene zPBShigh (Colombia West, dark blue circles) and zFst (Ecuador West,
light blue triangles) values (y-axis, min=0, max=25) along the genome (x-axis) for outlier regions
shared within the western side of the Andes (white background) and, across sides of the Andes (grey
background). Only windows >4 standard deviations from the mean are shown. Region 44 had a high
integrated haplotype score in with in Meier et al. 2020, indicative of recent positive selection.
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Figure 4.16 Cont. H. melpomene zPBShigh (Colombia West, dark blue circles) and zFst (Ecuador
West, light blue triangles) values (y-axis, min=0, max=25) along the genome (x-axis) for outlier
regions shared within the western side of the Andes (white background) and, across sides of the
Andes (grey background). Only windows >4 standard deviations from the mean are shown. Region
57 overlapped with a selective sweep region, and region 63 had high omega (ω) outlier in Meier et al.
2020.
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Figure 4.17 H. melpomene PBShigh values (y-axis, min=0, max=25) along the genome (x-axis) for
outlier regions shared within the Eastern side of the Andes (white background) and, additionally,
across sides of the Andes (grey background). Two clines are presented, Colombia East (red circles)
and Ecuador East (orange triangles). Only windows >4 standard deviations from the mean are shown.
Region 65 is presented in the main text (Figure 4.6 A).
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Figure 4.18 H. erato (Chr 21, same region as Figure 4.6 B) zFst between populations at different
elevations along the Colombia East cline (A, red circles) and Ecuador East cline (B, orange triangles).
Note that the distance between high and low distant, and low and low distant is very similar in these
clines (Figure 4.1 A).
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Genomics of altitude-associated wing shape
in two tropical butterflies

5.1 Abstract
Understanding how organisms adapt to their local environment is central to evolution. With
new whole-genome sequencing technologies and the explosion of data, deciphering the
genomic basis of complex traits that are ecologically relevant is becoming increasingly
feasible. Here we study the genomic basis of wing shape in two Neotropical butterflies
that inhabit large geographical ranges. Heliconius butterflies at high elevations have been
shown to generally have rounder wings than those in the lowlands. We reared over 1100
butterflies from 71 broods of H. erato and H. melpomene in common-garden conditions
and show that wing aspect ratio, i.e. elongatedness, is highly heritable in both species and
elevation-associated wing shape differences are maintained. Genome-wide associations with
a published dataset of 666 whole genomes from across a hybrid zone, uncovered a highly
polygenic basis to wing shape variation in the wild. We identify several genes that have roles
in wing morphogenesis or wing shape variation in Drosophila flies, making them promising
candidates for future studies. There was little evidence for molecular parallelism in the two
species, with only one shared candidate gene, nor for a role of the four known colour pattern
loci, except for optix in H. erato. Thus, we present the first insight into the heritability and
genomic basis of within-species wing shape in two Heliconius species, adding to a growing
body of evidence that polygenic adaptation may underlie many ecologically relevant traits.
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5.2 Introduction
Climate change is forcing organisms to ‘move, adapt, or die’. With temperatures rising
and land-use changing in the lowlands, shifting to higher elevations might be the only way
to flee extinction for many taxa (Chen et al., 2011). However, the environment changes
drastically along mountains, with diverse sets of challenges expected to drive local adaptation
(Halbritter et al., 2015). Thus, identifying the genomic mechanisms that allow organisms to
inhabit wide ranges is key to understanding which taxa are most likely to adapt locally when
forced to colonise new, high-elevation, environments. With novel sequencing technologies
and the explosion of genomic data, we now have the tools to decipher the genetic basis of
ecologically relevant traits in the wild.

Insect flight has many essential functions, including dispersal, courtship, and escaping
predators (Dudley, 2002). As such, it is under strong selection to be optimised to suit
local environments. Air pressure decreases with elevation, which in turn reduces lift forces
required for taking flight, as well as oxygen available for respiration (Hodkinson, 2005).
Subtle variation in wing morphology can have big impacts on flight mode and performance
(Berwaerts et al., 2002). For example, butterflies in tropical rainforests have been found
to have rounder wings when they inhabit the understory, both within closely related taxa
(Chazot et al., 2014) and across many species (Mena et al., 2020). Elongated wings reduce
wing-tip vortices, resulting in more efficient and faster flight, whereas short and wide wings
are associated with higher manoeuvrability and lift (Le Roy et al., 2019). Monarch butterflies
have evolved two wing phenotypes; migratory populations have longer wings for long-
distance gliding than those that remain year-round in Caribbean islands (Altizer and Davis,
2010). Thus, wing shape represents a trait likely undergoing strong selection across elevations
and conferring local adaptation in insects.

Insect wing shape is phylogenetically conserved in many taxa (Houle et al., 2003; Montejo-
Kovacevich et al., 2019; Thomas et al., 2000), but also highly evolvable in the laboratory
(Houle et al., 2003), suggesting that wing shape can be heritable. Wing shape tends to
have higher heritability than wing size in flies and wasps (Gilchrist and Partridge, 2001;
Klingenberg et al., 2010; Xia et al., 2020), as size is more prone to life-history trade-offs and
condition-dependency. Temperature changes have been shown to trigger plastic responses in
a wide range of traits (Deutsch et al., 2008; Merilä and Hendry, 2014; Fraimout et al., 2018),
including heat tolerance across altitudes in Heliconius (Montejo-Kovacevich et al., 2020).
Thus, it is important to ascertain the heritability of morphological traits when studying their
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genomic basis, as plasticity could affect trait values and reduce the power to detect genomic
associations. Experimental common-garden designs can help overcome the challenges of
studying phenotypic clines in the wild, by providing the same environmental conditions
to genotypes of different populations, which allows for the estimation of heritability (de
Villemereuil et al., 2016).

Wing morphology has been mostly studied in Drosophila, with developmental pathways
identified for D. melanogaster (Carreira et al., 2011; Diaz de la Loza and Thompson, 2017)
and many of the candidate genes functionally tested (Pitchers et al., 2019; Ray et al., 2016a).
In other insects, wing dimorphisms have been particularly well-studied. These tend to have
simple genetic architectures controlling wingless, or short winged, morphs (Li et al., 2020;
McCulloch et al., 2019), or are environmentally induced with hormonal regulation, such
as in migratory planthoppers (Xu and Zhang, 2017; Zhang et al., 2019). However, studies
describing the genetic basis of quantitative wing shape variation in organisms other than
Drosophila are lacking.

Significant advances have been made in understanding the genetic basis of local adaptation
in the wild. There are two general strategies to identify loci potentially under selection: (i)
forward genetics, where known phenotypic traits are associated to genotypes (via genome-
wide association studies or quantitative trait loci with laboratory crosses), and (ii) reverse
genetics, where variation in allele frequencies in natural populations is studied to detect
signatures of selection across the genome, without any prior knowledge of the phenotypes
involved (Fuentes-Pardo and Ruzzante, 2017; Pardo-Diaz et al., 2015). On the one hand,
population genomics, i.e. reverse genetics, excels at detecting genomic regions under
selection across environments, but the lack of phenotypic associations can make findings
hard to interpret. On the other hand, GWA studies, i.e. forward genetics, require quantifiable
traits on a large number of individuals, thus making it difficult to study populations in the
wild. A good solution is to study steep clines, where the environment changes continuously
over a small space while gene flow is high, and combine both forwards and reverse genetics
approaches (Cornetti and Tschirren, 2020; Tigano and Friesen, 2016). Sequencing individuals
along such clines allows for sufficient phenotypic variance to measure and associate to
genotypes (forward genetics), while maintaining low genetic structure, and additionally test
which genomic regions might be undergoing selection by comparing the extremes of the
clines (reverse genetics).
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The study of aposematic wing pattern colouration in Heliconius butterflies is a prime example
of this approach. Decades of careful lab crosses described the inheritance of the colour
pattern elements and identified the genes controlling them (Martin et al., 2012; Nadeau
et al., 2016a; Reed et al., 2011; Westerman et al., 2018). In the last decade, whole-genome
sequencing in elevationally structured colour-morph hybrid zones has confirmed the role
of these loci, which repeatedly diverge across highland and lowland colour pattern races
(reverse genetics, Meier et al. 2020; Nadeau et al. 2014). Genome-wide association studies
demonstrated that these diverging parts of the genome were associated with specific colour
pattern elements. These loci have now been functionally tested in Heliconius and other taxa,
making important contributions to our understanding of evolution and speciation. Thus,
whole-genome sequencing populations across steep environmental clines, while studying
phenotype heritability with controlled rearing, is a good approach to disentangle the genomic
underpinnings of ecologically relevant traits.

Here we study the genetic basis of wing shape variation in two widespread species of Helico-

nius butterflies across an elevational cline in the Ecuadorian Andes. Heliconius inhabiting
high altitudes have recently been found to have rounder wings than lowland butterflies,
a pattern seen both across species and within species along elevational clines (Montejo-
Kovacevich et al., 2019). To estimate the heritability of this potentially adaptive trait, we
common-garden reared 71 broods of H. melpomene lativitta and H. melpomene malleti

from across the cline, yielding 1141 offspring (Figure 5.1). We then used forward (GWAS)
and reverse (Fst) genetic approaches with whole-genome data of 666 individuals to identify
regions associated with quantitative variation in wing aspect ratio and determined which
regions diverged between extremes of the cline. This genomic dataset was obtained from a
study that developed a new low-cost linked-read sequencing technology, ‘haplotagging’, to
examine colour pattern clines in an altitudinally structured hybrid zone (Figure 5.1C , Meier
et al. 2020). Here we present the first study to examine the heritability and genomic basis of
wing shape of two butterfly species in the wild.
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Figure 5.1 A) Each point represents an individual butterfly collected in the wild (triangles: females
used for common garden rearing, circles: individuals whole genome-sequenced with haplotagging
(Meier et al., 2020). B) Common-garden rearing protocol. C) Topographic surface of transect
across elevations used for whole-genome sequencing. Both species co-occur and have three main
colour pattern morphs along this cline: two distinct colour pattern morphs (H. e notabilis and H.
m. plesseni, referred to as ‘black’, and H. e lativitta and H. m. malletti, referred to as ‘rayed’) and
within-species hybrids displaying admixed phenotypes (green circles), the most common hybrid
phenotype is depicted.
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5.3 Methods
5.3.1 Study system and butterfly collection
H. erato and H. melpomene are the two most widespread Heliconius species, and have
Müllerian aposematic mimicry to advertise their toxicity to predators (Jiggins, 2016). They
can be found continuously coexisting across elevational clines ranging from sea level up
to 1600 m along the Andean mountains. We sampled females of H. erato lativitta and H.

melpomene malleti across the eastern slope of the Ecuadorian Andes for common-garden
rearing (Figure 5.1 B, orange triangles). For the genomic analyses we used a large dataset
from a nearby hybrid zone (Meier et al., 2020), where highland subspecies (H. e. notabilis

and H. m. plesseni) meet their respective lowland subspecies (H. e. lativitta and H. m.

malleti) and mate freely, producing a stable intermediate wing pattern population (Figure 5.1
C). Heliconius butterflies were collected with hand nets and precise location recorded. All
detached wings were photographed with a DSLR camera with a 100 mm macro lens in
standardised conditions, images and full records with data are stored in the EarthCape
database (https://Heliconius.ecdb.io, Jiggins et al. 2019).

5.3.2 Wing measurements
Wing morphology was analysed with an automated pipeline in the public software Fiji
(Schindelin et al., 2012), using custom scripts from Montejo-Kovacevich et al. 2019. These
automatically crop, extract the right or left forewing and perform particle analysis on the
wing (Figure 5.1B). Wing area is estimated for the whole wing in mm2. For wing aspect
ratio, the particle analysis function obtains the best fitting ellipse of the same area as the
wing, extracts the major and minor axis’ lengths, from which aspect ratio is estimated (major
axis/minor axis). We only include forewings in this study, as they determine flight speed and
mode, whereas hindwings act as an extended surface to support flight and gliding (Le Roy
et al., 2019; Wootton, 2002). Furthermore, hindwings tend to be more damaged in Heliconius

due to in-flight predation and fragile structure.

5.3.3 Common-garden rearing
Fertilised females of H. erato lativitta and H. melpomene malleti were caught in the wild
with hand nets at elevations ranging from 380 m up to 1600 m (Table 5.4). Females from all
altitudes were simultaneously kept in separate 2x1x3 m cages of purpose-built insectaries at
the Universidad Regional Amazónica Ikiam (Figure 5.1 B. Tena, Ecuador, 615 m). Eggs were
collected daily and individuals were reared in separate containers throughout development.

https://heliconius.ecdb.io


5.3 Methods 135

Individuals were reared in constant laboratory conditions (21.2 ± 1.1 ºC) between 2019-2020,
except 10 families from H. erato which were reared in common outdoor insectary conditions
in 2018. Offspring were individually fed the same host plants, Passiflora punctata for H.

erato and Passiflora edulis for H. melpomene. Development rates, pupal, and adult mass
were recorded for all offspring.

5.3.4 Whole-genome dataset
We used 666 whole-genomes of H. erato (n=479) and H. melpomene (n=187) from a recent
study (Meier et al., 2020), sequenced with ‘haplotagging’. This linked-read sequencing tech-
nique retains long-range information via barcoding of DNA molecules before sequencing,
which permits megabase-size haplotypes to be reconstructed computationally (Meier et al.,
2020). More details on analysis and phasing of molecules can be found in the Supplementary
Materials of Meier et al. 2020 and summarised in the Supplementary Materials (S.I. Subsec-
tion 5.6.1). The resulting dataset used for analyses contained 25.4 million SNP positions for
H. erato (66.3 SNPs / kbp) and 23.3 million for H. melpomene (84.7 SNPs / kbp).

5.3.5 Statistical analysis
All non-genomic analyses were run in R V2.13 (R Development Core Team 2011) and
graphics were generated with the package ggplot2 (Ginestet, 2011)(Ginestet, 2011). Packages
are specified below and all R scripts are publicly available (Zenodo: TBC). Sequence data
from Meier et al. 2020 is deposited at the NCBI Short Read Archive (PRJNA670070).

Effects of altitude on wing shape
To test the effects of maternal altitude on wing aspect ratio of common-garden reared
offspring, we fitted a linear mixed model that included as fixed effects wing area, sex,
development time (days from larva hatching until pupating), and altitude (“high” if the
mother was collected above 600m in elevation) with lme4 model fits (Bates et al., 2015)
(Bates, Mächler, Bolker, & Walker, 2015). All continuous fixed effects were standardized to a
mean of zero and unit variance to improve model convergence (Zuur et al., 2009) (Zuur, Ieno,
Walker, Saveliev, & Smith, 2009). We included family ID as a random effect (intercept) to
account for relatedness among offspring in H. melpomene. In H. erato, we nested family ID
within experiment location as an additional random effect, as 10 of the families were reared
in common-garden insectary conditions (2018), whereas the rest were reared in laboratory
conditions (2019). We performed backward selection of random and fixed effects, in that
order, with the package lmerTest (Kuznetsova et al., 2017), with likelihood ratio tests and a
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significance level of α = 0.1 (functions ranova() and drop1() Kuznetsova et al. 2017). When
comparing models with different fixed effects we fitted Maximum Likelihood (REML =
FALSE), otherwise Restricted Maximum Likelihood models were fitted. Model residuals
were checked for homoscedasticity and normality. With the coefficient of determination (R2),
we estimated the proportion of variance explained by the fixed factors alone (marginal R2,
R2

LMM(m)) and by both, the fixed effects and the random factors (conditional R2, R2
LMM(c)),

implemented with the MuMIn library (Bartón, 2018; Nakagawa et al., 2017).

Heritability estimates
To test the heritability of wing shape, we assessed wing aspect ratio variation across individu-
als from families reared in common-garden conditions. We used all broods with at least three
offspring that could be phenotyped. First, we first used an ANOVA approach, with family
identity as a factor explaining the variation in aspect ratio. We then estimated narrow-sense
heritability (h2) with two approaches (more details can be found in S.I. Subsection 5.6.1).
Firstly, we estimated intra-class correlation coefficient (ICC) or repeatability with a linear
mixed model approach; family ID was set as the grouping factor, with a Gaussian distribution
and 1000 parametric bootstraps to quantify uncertainty, implemented with the function
rptGaussian() in the rptR package (Stoffel et al., 2017). Secondly, we estimated narrow-sense
heritability (h2) from the slope of mother and mid-offspring wing aspect ratio regressions for
those families where the mother’s wings were intact (31/48 broods in H. erato and 10/23 in
H. melpomene). Father’s phenotypes were unknown but their effect should be random, hence
unbiased, with respect to the mother’s phenotypes.

Genome-wide association mapping of wild wing aspect ratio
All population genomics analyses were performed in ANGSD version 0.933, which uses
genotype likelihoods as input to account for genotype uncertainty and a Bayesian framework
well-suited for large low-coverage sequencing datasets (Korneliussen et al., 2014). To
account for population structure across the cline, we first calculated admixture proportions
with NGSadmix. We used genotype likelihoods computed by STITCH as input and ran
NGSadmix on a random subset of 10% of the total sites with a minor allele frequency of at
least 0.05, and specified two (k=2) or three (k=3) clusters for H. erato and H. melpomene,
respectively.

To identify the genomic regions potentially controlling quantitative wing shape variation
in these two Heliconius species, we performed genome-wide association mapping (GWAS,
doAsso ANGSD). VCF files from Meier et al. 2020 containing genotype likelihoods were
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used as input (-vcf-pl). We performed the GWAS with a generalized linear framework and
a dosage model (-doAsso 6), which calculates the expected genotype from the input and
implements a normal linear regression with the dosages as the predictor variable. Aspect ratio
was used as the continuous response variable (-yQuant). Three covariates were incorporated
(-cov) to control for sex, wing area, and population structure with the admixture proportions
obtained from NGSadmix, as described above. Likelihood ratio test (LRT) statistics are
calculated per site (following a chi square distribution with one degree of freedom) under an
additive model with logistic regression (-model 1) (Skotte et al., 2012).

In GWAS with fewer unlinked SNPs, those with strong associations can sometimes be found
in isolation, i.e. without flanking SNPs showing association, and assumed to be in linkage
with the causal SNP. However, with large SNP datasets that are not pruned for LD, many
are expected to show strong associations when located near the causal site or at random due
to noise (Zhou et al., 2020). To partly account for this, we obtained median and minima
SNP association p-values for sliding windows of 50 SNP, with a step size of 10 SNP, with
the R package ‘WindowScanR’ (Tavares, 2020). When visualising our results, we first use
median p-value per window, plotted as -log10(p-value), to regionally smooth the results so
that spurious associations get dampened by their flanking high p-value SNPs, while regions
with many SNPs with strong associations will be easily identifiable, as their median will
remain high. This is analogous to recently developed methods for medical genetics that use
penalized moving-window regressions (Bao and Wang, 2017; Begum et al., 2016; Braz et al.,
2019; Chen et al., 2017) or LD clumping (Marees et al., 2018). We generated a per SNP
null distribution of p-values by repeating the genome-wide association analysis 200 times,
with randomly permuted phenotypes (aspect ratios) in each run. We then computed median
p-values of the same sliding windows across the genome for all 200 permutations. We took
the top 1% of windows in the observed GWAS as an initial set of candidate regions. For these
we then computed a null distribution of median p-values using the genome-wide permutation
p-values for all SNPs in these windows (permutation values shown in white for two regions in
S.I. Figure 5.16). Our final set of outliers only included windows that ranked above the 99th

percentile of the window null distribution of p-values, i.e. if the observed median p-value
was the lowest or second lowest among the 200 median p-values obtained from permutations.
To check for outlier overlaps between species we mapped the H. melpomene windows (starts
and end positions) to the H. erato reference genome using a chainfile from Meier et al. 2020
and the liftover utility (Hinrichs, 2006).
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Identifying regions diverging between highland and lowland populations
We computed genetic differentiation (Fst) between the highland and lowland subspecies
(excluding the mid-elevation hybrids), to identify regions diverging across altitudes and
potentially overlapping with wing shape associated regions. With the genotype likelihoods
estimated by STITCH, we calculated the site frequency spectrum (SFS) for each population
(dosaf, ANGSD). Then, we obtained folded 2D-SFS for both populations combined to use as
a prior for the joint allele frequency probabilities with the function realsfs. Fst was calculated
per site using the Weir–Cockerham correction (realsfs fst index, ANGSD), and 5kb window
averages with 1kb steps were obtained for plotting (following Meier et al. 2020).

Candidate gene annotation
Regions associated with wing shape that had at least one 50 SNP window with a median
p-value below the threshold of p<0.01 (-log10(p)median>2), and ten windows with lower
or equal p-values than the lowest 1% of the 200 permutations were investigated further
for candidate genes. We obtained the positions of the SNP with the strongest and second
strongest association, to get the region with strongest association. We identified one gene
if this region was within a gene, or the two closest genes if the region was intergenic or
across two genes. We used reference genomes for both species stored in the genome browser
Lepbase (Challis et al., 2016) to identify the genes (H. erato demophoon v.1; H. melpomene

H. melpomene Hmel2.5), and extract the protein sequence. We then searched for similarity in
protein sequence databases flybase, uniprotk, and ncbi, and present Drosophila melanogaster

gene names in the main text and figures. Protein information, E-values, and GO-terms were
recorded for each candidate.
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5.4 Results
5.4.1 Wing shape predictors and heritability
Wing aspect ratio was phenotyped in 721 H. erato offspring individuals from 48 full-sib
families, and 419 individuals of H. melpomene from 23 full-sib families. Wing aspect ratio
varied across families of both species (ANOVA: H. erato F47, 673 = 3.93, P < 0.0001, H.

melpomene F22, 396 = 11.9, P < 0.0001). Offspring of highland H. erato mothers had, on
average, rounder wings than those of lowland areas (Figure 5.2 B, T-test: H. erato: t46=-3.5,
P<0.001), whereas highland H. melpomene offspring were only marginally rounder than
lowland families (Figure 5.2 D, T-test: t20=-2.02, P=0.06), whereas wing size did not differ
across broods from different elevations (S.I. Figure 5.10 C). Mean aspect ratio of broods
recapitulated those found in wild specimens in a previous study (S.I. Figure 5.9, Montejo-
Kovacevich et al. 2019. Altitude, wing area, development time, and sex were significant
predictors of wing aspect ratio in common-garden reared individuals of H. erato, whereas
H. melpomene offspring’s wing shape was marginally explained by altitude, with sex and
wing size having a stronger effect (Table 5.1). Of the variation in offspring wing shape,
15% and 38% was explained by family identity while accounting for significant fixed effects
in H. erato (Repeatability=0.15, S.E.=0.04, P<0.0001) and H. melpomene, respectively
(Repeatability=0.38, S.E.=0.08, P<0.0001).

Table 5.1 Wing aspect ratio linear mixed model summaries. Fixed effects are scaled and centred.
Df, degrees of freedom based on Sattherwaithe’s approximations. P, the P-values of fixed and random
effects. Development time, time in days from larvae hatching to pupating. N, number of individuals
with data for all fixed effects. Conditional R2 values for models with fixed and random effects
(R2

LMM(c)), residual R2 values fixed-effects only models (R2
LMM(m)).

Species N Random effects Fixed effects (scaled)
Variable Variance S.D. R2

LMM(c) Variable Est. df t-value P R2
LMM(m)

H. melpomene 687
Mother ID

(n=48)
4.7e-04 0.022 0.33 Altitude (low) 0.029 37 3.52 <0.001 0.21

Residual 2.7e-04 0.052 Area -0.008 526 -3.34 <0.0001
Sex (male) 0.045 658 11.02 <0.0001

Development
time

-0.008 219 -2.88 <0.01

H. melpomene 419
Mother ID

(n=23)
1.0e-03 0.032 0.45 Altitude (low) 0.028 21.4 1.95 0.06 0.11

Residual 1.9e-03 0.043 Area -0.010 410.3 -4.57 <0.0001
Sex (male) 0.021 398.6 5.04 <0.0001

We obtained the wing aspect ratios for all mothers that retained intact wings in captivity,
totalling 31/48 broods of H. erato, and for 10/23 of H. melpomene broods. Mother and mid-
offspring regressions showed strong correlations (Figure 5.1 A,C), but heritability was lower
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in H. erato compared to H. melpomene (H. erato: slope=0.37, R2=0.3***; H. melpomene:
slope=0.79, R2=0.6**). Due to the strong sexual wing shape dimorphism in H. erato,
mother-to-male offspring regressions had a higher intercept (S.I. Figure 5.7 A). There was no
correlation between mother’s and offspring’s wing size in H. erato but a strong correlation
in H. melpomene (S.I. Figure 5.8, H. erato: slope=0.08, R2<0.01 n.s. ; H. melpomene:
slope=0.71, R2=0.7**, S.I. Figure 5.10A). In contrast, wing size was highly repeatable across
broods of H. erato (R=0.48, S.E.=0.06), and less so for H. melpomene (R=0.15, S.E.=0.05),
which could indicate stronger maternal or maternal-environment effects on this trait in H.

erato.

Figure 5.2 Mother and mid-offspring regression for wing aspect ratio (A,C) and F1 offspring wing
aspect ratio with respect to maternal origin across elevations (B,D). Each black point represents
mean wing aspect ratio per family and its size is proportional to number of offspring per family.
Grey shading around the regression corresponds to 95% confidence intervals of the regression. Stars
represent significance levels of two sample t-tests between highland (>600 m) and lowland (<600 m)
family means for each species (+<0.075, *< 0.05, **<0.01, ***<0.001).
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5.4.2 Genome-wide association mapping of aspect ratio variation
Subspecies and hybrid phenotypes
Aspect ratio varied slightly across the elevational cline sampled for whole-genome sequencing
of both species (Figure 5.1 C). Highland subspecies, H. e. notabilis and H. m. plesseni (black,
Figure 5.3) were on average rounder than hybrids (green, Figure 5.3), and in H. erato they
were also rounder than lowland subspecies H. e. lativitta (orange, Figure 5.3 A). Hybrids
did not differ in wing aspect ratio compared to their corresponding lowland subspecies, in
other words, hybrids were phenotypically more lowland-like (Figure 5.3, S.I. Figure 5.12,
Figure 5.13). More importantly, the aspect ratio of hybrid individuals encompassed most of
the trait variance of the pure subspecies (S.I. Figure 5.11), increasing our power to detect
genomic associations.

Figure 5.3 Phenotypes of whole-genome sequenced individuals included in the GWAS (n=666).
Wing aspect ratio across subspecies and altitudes of H. erato (A, B) and H. melpomene (C, D). Stars
represent significance levels of two sample t-tests between subspecies of each species (*< 0.05,
**<0.01).
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Association mapping of aspect ratio variation
Genome-wide association mapping revealed a highly polygenic basis for wing shape variation
in both species (Figure 5.4) . We obtained association statistics for 11.3M SNPs (29.4
SNPs/kb) and 10.7M SNPs (38.8 SNPs/kb) for H. erato and H. melpomene, respectively. Of
windows within the 99th percentile association, median p-values, 56% and 39% ranked either
first or second lowest among the null distribution obtained from permutations of H. erato and
H. melpomene, respectively (black points in S.I. Figure 5.4, Figure 5.14). Despite a highly
polygenic basis, there is evidence that certain genomic regions were strongly associated (Q-Q
plots S.I. Figure 5.15, permutations Figure 5.16). We further investigated 28 regions that
had 10 adjacent outlier windows supported by permutations and had a median p-value<0.01
(-log10(p)>2, S.I. Figure 5.4).
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Figure 5.4 Genome wide association for wing aspect ratio in H. erato (A) and H. melpomene (B). The
windows with the lowest 1% median p-values are above the dotted horizontal grey line, and in black
when p-values lower or equal to the top 1% of 200 permutations. Top panels for each species are
manhattan plots of genome-wide associations, and bottom are zoomed-in regions of interest. In these
regions, minimum p-values per outlier window are shown in red, gene tracks are depicted as grey
rectangles, selected genes within or near outlier regions are highlighted in red with gene abbreviations
above them, and genetic differentiation between highland and lowland populations along the region in
green (Fst).

Candidate genes
We identified genes in the 28 regions of interest, within or neighbouring the strongest SNP
hits, yielding 23 and 22 candidate genes for H. erato and H. melpomene, respectively. In
12 out of the 28 regions, SNPs within the region of strongest association were found within
genes that could be annotated (Table 5.2, Table 5.3). The remaining outliers were intergenic
(n=16) and potentially associated with regulatory variants, and were, on average, 35.8kb from
the nearest (n=6) or second nearest gene (n=10, Table 5.2, Table 5.3), i.e. either upstream or
downstream. The second nearest gene was presented in the main text if the closest gene was
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poorly annotated, or if it had a more relevant biological function, e.g. known to affect wing
shape or colour patterning in Heliconius (all genes in Supplementary Table 5.1).

Several candidate genes, in both species, encoded proteins previously identified in Drosophila

as involved in wing morphogenesis. The most relevant and functionally tested candidate
genes of wing shape variation were su(dx) in H. erato, and dok, knrl, lowfat, and tap42 in
H. melpomene (Fig. 4, Table 2, 3). Tracheal development and septate junction assembly
functions were also associated with several candidates (vari, pickle, “pasi”, punch, pak1,
knrl), as well as chitin-based cuticule development (punch, pgm2a Pan et al., 2020), pigment
transport or synthesis (MCT9, optix, punch, ABCG) and oxidative stress responses and
regulation of cell apoptotis (tefu, daxx, pak1, naam). Some of these candidates, even if not
directly involved in wing morphogenesis, have been functionally tested in Drosophila and
lead to wing shape or wing vein abnormalities (knrl Lunde et al. 2003, pgm2a Pan et al. 2020
tefu Song et al. 2004, daxx Hwang et al. 2013). More importantly, 1/23 and 5/22 candidate
genes in H. erato and H. melpomene, respectively, were direct enhancers or suppressors
of genes recently identified as being involved with multivariate wing shape variation in D.

melanogaster (Table 5.2, Table 5.3; Pitchers et al. 2019; Thurmond et al. 2019).

Of the known loci that control colour pattern differences across this cline (S.I. Figure 5.17,
Meier et al. 2020 Meier et al., 2020), only one was significantly associated with wing shape
variation. The transcription factor controlling presence/absence of red, optix, was strongly
associated with wing shape in H. erato, whereas in H. melpomene only a few windows were
associated, thus not meeting our criteria for ‘region of interest’ (Figure 5.5B, S.I. Figure 5.16).
The outlier region on chromosome 13 was found in close proximity across species, with both
SNPs with the lowest p-value mapping nearby the rugose gene, which affects neuromuscular
junction development, synaptic architecture, brain morphology, and associative learning
(Figure 5.5 A, Table 5.2, Table 5.3. Wise et al. 2015; Zhao et al. 2013). The epidermal growth
factor receptor (Egfr) regulates rugose (Shamloula et al., 2002) and has been associated
with wing shape variation in wild D. melanogaster (Dworkin et al., 2005) and, recently, in
multivariate analyses of wing shape and knockdowns (Pitchers et al., 2019).

5.4.3 FST genome scans
There is little background genomic differentiation between highland and lowland populations
of both species (mean FST in H. erato: 0.0261 and in H. melpomene: 0.0189, S.I. Figure 5.17,
Meier et al. 2020Meier et al., 2020). Of the 28 regions identified as potentially associated
with wing shape variation, ten were found to be in regions of elevated genomic differentiation
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between highland and lowland populations (FST green lines, Figure 5.4), from low levels
of differentiation (e.g. H. erato 1(b), Fstmax=0.08) to high differentiation (e.g. H. erato 13,
Fstmax=0.44). The strongest four FST peaks in this cline are associated with colour patterning
(S.I. Figure 5.14, Meier et al. 2020 Meier et al., 2020; Nadeau et al. 2014 Nadeau et al.,
2014), but only optix (chr. 18) in H. erato was also strongly associated with wing shape
(Figure 5.5).

Figure 5.5 H. erato (top) and H. melpomene (bottom) region with parallel aspect ratio association
at rugose (chromosome 13, A), and parallel differentiation (Fst) at the red patterning optix locus
(chromosome 18, B). The windows with the lowest 1% median p-values are above the dotted horizontal
grey line, and in black when above the 99th percentile of 200 permutations. Lowest p-values per outlier
window are shown in red, gene tracks are depicted as grey/red rectangles, and genetic differentiation
between highland and lowland populations along the region in green (Fst).
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Table 5.2 H. erato candidate genes for regions of strong association with wing shape variation (n=12).
Distance (bp) from gene to outlier window. For those candidate genes that have Drosophila mutants
leading to wing shape changes we have added references. We highlight (†) candidate or related genes
that were identified in Pitchers et al. 2019 as significantly affecting multivariate wing shape in D.
melanogaster. Protein descriptions and relevant biological functions were extracted from Flybase
(Thurmond et al., 2019), unless indicated otherwise.

Chr. Position outlier
window P.val.min Gene ID distance (bp) Abbrv. Protein description Relevant Biological

Functions

Mutants in
Dmel or
GWAS

outliers Pitchers(†)

1a
Herato0101:

15799088-15801341
1.07E-05 Herato0101.595 within su(dx)

E3 ubiquitin-
protein ligase,

suppressor of deltex

Wing disc
dorsal/ventral

pattern formation

Vein gaps,
rounder wings

(Mazaleyrat et al., 2003)

1b
Herato0101:

17600433-17600849
1.60E-05 Herato0101.696 1567 vari

Membrane associated
guanylate kinase

Septate junction
morphogenesis, open

tracheal system

7
Herato0701:

19051639-19051889
1.51E-05 Herato0701.777 within trpRS

Tryptophantrna
ligase

Dendrite morphogenesis.
Salivary gland.

10
Herato1003:

3435199-3436295
8.48E-07 Herato1003.102 -3016 corin

Serine-type
endopeptidase

Proteolysis

11
Herato1108:

6393616-6393991
4.96E-06 Herato1108.269 2211 pickel, mega

Claudin transmembrane
protein

Septate junction
morphogenesis
and function.

Open tracheal system

Tracheal cell
morphogenesis

(Behr et al., 2003)

12a
Herato1201:

344400-344590
4.61E-05 Herato1201.11 60102 trypsin-7

Trypsin-7. Serine-type
endopeptidase

Proteolysis

12b
Herato1202:

5191025-5191161
1.45E-06 Herato1202.201 within vgr

Vitellogenin receptor,
yolkless

Oogenesis

13
Herato1301:

14855174-14855376
2.32E-05 Herato1301.557.1 68888 rugose Neurobeachin

Neuromuscular junction,
mushroom body,
olfactory learning

Part of epidermal
growth factor

receptor (EGFR†)
(Shamloula et al., 2002)

18a
Herato1801:

1382915-1383858
1.96E-05 Herato1801.64 -131704 optix

Homeobox containing
DNA binding protein

Red colour
pattern Heliconius

18b
Herato1801:

4019579-4019829
5.80E-05 Herato1801.138 within MCT9

Monocarboxylate
transporter 9, CG8468

Monocarboxylic acid
transmembrane transporter

18c
Herato1805:

6957961-6958110
9.72E-05 Herato1805.195 -2973

JHBP,
takeout

Takeout-like,
Juvenile
Hormone

Binding Protein

Novel circadian output
pathway, food status

Reduces male
courtship behaviour

(Dauwalder et al., 2002)

21
Herato2101:

11800465-11800678
1.22E-05 Herato2101.392 -24716 pasi

CG13288 (Dmel).
Uncharacterized
tetraspan protein.

Septate Junction
- Pasiflora1

(21% resemblance),
(Deligiannaki et al., 2015)

Pasiflora1
mutant tracheal

barrier breakdown
(Deligiannaki et al., 2015)
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Table 5.3 H. melpomene candidate genes for regions of strong association with wing shape variation
(n=16). Distance (bp) from gene to outlier window. For those candidate genes that have Drosophila
mutants leading to wing shape changes we have added references. We highlight (†) candidate or
related genes that were identified in Pitchers et al. 2019 as significantly affecting multivariate wing
shape in D. melanogaster. Protein descriptions and relevant biological functions were extracted from
Flybase (Thurmond et al., 2019), unless indicated otherwise.

Chr. Position outlier
window P.val.min Gene ID distance (bp) Abbrv. Protein description Relevant Biological

Functions

Mutants in Dmel or
GWAS outliers

Pitchers (†)

1a
Hmel201001o:

4523512-4534633
5.70E-06 HMEL014531g1 -13381 punch

Guanosine triphosphate
cyclohydrolase 1

Larval chitin-based
cuticle. Pteridine,
melanin synthesis.

Open tracheal system

1b
Hmel201001o:

11377025-11378886
9.70E-06 HMEL011641g1 within tefu

Serine/threonine-
protein kinase ATM

DNA damage sensor,
apoptosis,

genotoxic stresses

Eye and wing
abnormalities

(Song et al., 2004)

3
Hmel203003o:

9715251-9715435
5.70E-05 HMEL017401g3 -3111 cad87A Cadherin-87A-like

Calcium-dependent
cell adhesion

5a
Hmel205001o:

1932581-1934666
6.50E-05 HMEL016253g1 within daxx

Death domain-
associated

protein 6-like

Apoptosis,
adult lifespan,
oxidative stress

Small wings, locomotion
(Hwang et al., 2013)
suppressed by foxo †

5b
Hmel205001o:

6528591-6529419
1.10E-04 HMEL036769g1 within elba

Early boundary
activity

protein 1-like
Embryonic development

5c
Hmel205001o:

9602773-9603537
1.10E-04 HMEL036887g1 within dok

Insulin receptor
substrate (IRS)

Imaginal disc-derived wing
morphogenesis (Dok),

neuromuscular
synaptogenesis (Dok-7)

Shrivelled wings
(Biswas et al., 2006)

6
Hmel206001o:

10351414-10355128
7.50E-05 HMEL037170g1 140607 zfh1

Zinc-finger
homeodomain

protein 1
Motor neuron axon

7a
Hmel207001o:

10841723-10842302
7.80E-05 HMEL016334g1 within pak1

P21-activated
protein

kinase-interacting

Septate junction,
synaptic development,

epithelial morphogenesis,
cell death

Photoreception,
wings crumpled

(Hing et al., 1999)

7b
Hmel207001o:

13759333-13759734
7.60E-05 HMEL010451g1 -64775 knrl

Knirps-related
protein-like.

Transcription factors
steroid hormones

Second wing
vein, open

tracheal system.

Second wing vein
(Lunde et al., 2003)
Regulates knirps;

enhanced by kayak †

9
Hmel209001o:

7519113-7519282
1.90E-07 HMEL009258g1 -594 naam

Putative
pyrazinamidase/
nicotinamidase

Lifespan, neuron
apoptosis,

oxidative stress

10a
Hmel210001o:

8393384-8397356
2.60E-05 HMEL030728g1 -5022 lft

Lowfat, protein limb
expression homolog.

Fat/Dachsous,
Frizzled

Imaginal disc-
derived wing

morphogenesis

Shorter wings
(Mao et al., 2009)

Enhances fat †

10b
Hmel210001o:

16847340-16847580
1.70E-04 HMEL009190g1 within TAP42

Two A-associated
protein of 42kda

TAP42-like family,
phosphatase inhibitor

Wing disc
morphogenesis,
mitotic spindle

Shriveled wings
(Wang et al., 2012)

13
Hmel213001o:

10814473-10831919
2.00E-05 HMEL010907g1 65310 rugose Neurobeachin-like

Neuromuscular junction,
mushroom body,
olfactory learning

Part of epidermal
growth factor

receptor (EGFR †)
(Shamloula et al., 2002)

17
Hmel217001o:

6662709-6663542
2.50E-06 HMEL033852g1 within harmonin

Putative harmonin,
CG5921 (Dmel).

Sensory perception
of sound.

Auditory organ
(Li et al., 2018)

19a
Hmel219001o:

7069700-7070296
3.50E-06 HMEL002660g1 3416 pgm2a

Pgm2a
phosphoglucomutase-2

Carbohydrate metabolism.
Chitin synthesis

plant hoppers, wing
deformities

(Pan et al., 2020)

Pgm2b †

19b
Hmel219001o:

13428794-13433673
2.20E-05 HMEL034862g1 within ABCG

ATP-binding cassette
sub-family G

ABC transporter.
CG5853 (Dmel)

Metabolism
(Wu et al., 2019)
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5.5 Discussion
Here we combine the power of hybrid zones across steep environmental clines, common
garden rearing, and whole-genome sequencing to study the genomic basis of a potentially
adaptive trait in the wild. We found that wing aspect ratio is highly correlated between
mothers and their offspring in two butterfly species, highly repeatable across common-
garden reared offspring families, and correlated with the altitude at which the mother was
collected (Figure 5.2). With a large dataset comprising 666 whole-genomes sequenced with
haplotagging (Meier et al., 2020) and association mapping, we uncover a highly polygenic
basis to wing shape, and identify potential candidate genes in regions with many SNPs
showing associations (Figure 5.4). Furthermore, with a population genetics approach, we
find that many of these regions are also diverging between highland and lowland populations,
potentially being selected for local adaptation to highland environments.

5.5.1 Wing shape is heritable
The amount of wing shape variation explained by family across common-garden reared
offspring was high for both species (H. erato: 21% and H. melpomene: 39%), especially
when compared to the 74% of variance explained by species identity in a previous comparative
study (Montejo-Kovacevich et al., 2019). The resemblance in wing aspect ratio between
mothers and their offspring is indicative of a highly heritable trait (Figure 5.2 A), although
we cannot rule out maternal effects partly driving this pattern. Rearing offspring in common-
garden conditions strongly reduces the effects of shared mother-offspring environmental
variables, but cannot account for, for example, variation in resources the mothers provide
to their eggs. We found, however, that mother wing size did not correlate with offspring
wing sizes in H. erato, whereas it did in H. melpomene. This highlights that wing shape
might be less affected by maternal effects compared to other more condition-dependent traits,
such as size. Furthermore, strong sexual dimorphism in wing shape present in H. erato, was
maintained in common-garden reared individuals and both sexes had similar correlations
with mother phenotypes, implying a strong genetic component to wing shape variation (Allen
et al., 2011). From a local adaptation perspective, we might predict wing shape to be highly
heritable. Insects can behaviourally compensate for damaged or abnormal wings through
changes in flight and body kinematics (Fernández et al., 2017). Yet, this might incur a
fitness cost, as many behaviours, such as courtship and predator escape, are dependent on
efficient flight (Le Roy et al., 2019). Generally, cases of wing shape plasticity are rarer than
size plasticity, especially if the two traits are allometrically decoupled, allowing for subtle
changes to be selected if advantageous (Carreira et al., 2011; Gilchrist and Partridge, 2001;
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Strauss, 1990). In Heliconius, wings have been found to be rounder at higher elevations,
both across and within species that inhabit large ranges (Montejo-Kovacevich et al., 2019).
In our study, wing shape differences observed in the wild in H. erato and H. melpomene

were maintained in common-garden reared broods, with individuals from highland mothers
having, on average, rounder wings (Figure 5.2 B, S.I. Figure 5.9). Together, this supports the
hypothesis that subtle changes in wing aspect ratio are highly heritable, and may be involved
in local adaptation to altitude.

5.5.2 Candidate genes associated with wing shape variation in other
insects

We found 5/28 regions mapping to genes involved in the biological process of ‘wing disc
development’, which is remarkable given that there are only 419 genes under this category
out of 64,000 genes on Flybase (Thurmond et al., 2019), plus one involved in wing vein
formation (Lunde et al., 2003). In H. erato, the most promising candidate gene was the
suppressor of deltex, su(dx) (Figure 5.4 A, Table 5.2), an E3 ubiquitin-protein ligase of the
Notch signalling pathway (Jennings et al., 2007). su(dx) knockouts in D. melanogaster result
in rounder wings via reduction of longitudinal wing venation (Mazaleyrat et al., 2003), wing
margin reduction (Wilkin et al., 2004) or via interactions with other proteins (Djiane et al.,
2011). Interestingly, this region has moderate levels of genetic differentiation across high
and low elevation populations (Fstmax=0.24, Figure 5.4A, 1a), which could be an indication
of altitude-associated selection on this candidate gene.

In H. melpomene, we found four regions with genes functionally known to be involved
in determining wing shape in Drosophila (Figure 5.4 B, Table 5.3). Mutants of lowfat

have shorter, rounder wings in Drosophila (Hogan et al., 2011; Mao et al., 2009), whereas
dok mutants have shrivelled wings (Biswas et al., 2006) (Biswas, Stein, & Stanley, 2006).
The knirps-related protein (knrl) is involved in second wing vein development (Table 5.3,
Lunde et al. 2003), and Tap42 (Figure 5.4 B) triggers apoptosis in the developing wing
discs (Wang et al., 2012). Interestingly, a recent study found that knockdowns of fat and
knirps affected wing shape in D. melanogaster, which regulate two of our candidate genes
(Table 5.3, Pitchers et al. 2019). Here we show a highly polygenic basis to aspect ratio
variation in two Heliconius species, which contrasts to the simple genetic architecture of
wing dimorphisms in other insects (Li et al., 2020). The additive effects of many genes
could facilitate altitude-associated adaptations, by refining wing shapes to suit the local
environment (Wellenreuther and Hansson, 2016). However, aspect ratio may correlate to
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other wing shape descriptors, thus future studies could focus on multivariate shape variation
in these species.

5.5.3 Novel candidate genes associated with wing shape variation
We found 5/28 regions mapping to genes involved in the biological process of ‘open tracheal
system development’, which only has 277 genes on Flybase (Thurmond et al., 2019). Four
of these were involved in septate junction assembly function, a category with 83 genes
(Thurmond et al., 2019). varicose, an H. erato candidate gene, is essential to septate junction
formation, and Drosophila mutants lead to defective tracheal systems and shrivelled wings
(Moyer and Jacobs, 2008; Wu et al., 2007). The veins determine the architecture of the wing,
while circulatory and tracheal systems affect the elasticity and physiological functioning of
the wing during flight (Pass, 2018). A recent study has shown that butterfly circulatory and
tracheal systems are essential for avoiding overheating of the wings by prompting behavioural
responses (Tsai et al., 2020). Heliconius are generally slow gliding flyers, which display their
warning colour patterns to predators, so their wings could rapidly overheat from prolonged
exposure to the sun. The potential role of tracheae and wing venation in Heliconius flight
and thermoregulation remains to be explored.

5.5.4 Convergence and colour pattern association
Despite phenotypic convergence towards rounder wings at high altitude, we found little
evidence for molecular parallelism underlying wing shape variation between H. erato and
H. melpomene. One of the 28 regions identified as potentially involved with this trait was
found in the regulatory region of the gene rugose in both species (Figure 5.5 A). Mutants
of rugose in Drosophila lead to the ‘rough eye phenotype’, similarly to another candidate
in H. melpomene, punch, which results in cone cell loss and defective vision (Shamloula
et al., 2002). Rugose mutants also exhibit aberrant associative odour learning, changes in
brain morphology, and increased synapses in the larval neuromuscular junction (Volders
et al., 2012). A recent study has found Egfr, which regulates rugose, to affect wing shape in
Drosophila (Pitchers et al., 2019), making it an interesting candidate for future functional
studies. The lack of abundant molecular parallelism in this phenotype is in stark contrast
to colour pattern loci in Heliconius, which have been repeatedly co-opted or shared via
adaptive introgression to create the diversity of mimetic colour morphs we observe across
the Neotropics (S.I. Figure 5.17, Jiggins 2016; Nadeau et al. 2014).

We found a strong association with wing shape variation in H. erato at the optix locus, which
controls most of the red colour patterning (Bainbridge et al., 2020; Lewis et al., 2019; Meier
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et al., 2020; Van Belleghem et al., 2017). In Heliconius, wing shape has been traditionally
studied in the context of mimicry, as similar wing shapes could aid locomotor mimicry
(Mérot et al., 2016; Srygley, 1994). For example, morphs of H. numata that mimic the
distantly related genus Melinea tend to converge in wing shapes where they co-exist (Jones
et al., 2013). Here, wing shape in H. erato was more variable between highland and lowland
subspecies than in H. melpomene (Figure 5.3 A), which could explain its association with
a colour pattern locus (Figure 5.5 B). It is important to note that, although H. erato and
H. melpomene mimic each other across their range and both have rounder wings in the
highlands, the differences in aspect ratio between the two species are larger than those across
elevations (Figure 5.3D). It therefore seems unlikely that this subtle wing shape variation is
primarily caused by mimicry. Furthermore, other species not part of this mimicry ring have
been shown to also have rounder wings at high altitudes (Montejo-Kovacevich et al., 2019).
Thus, while some mimicry-related wing shape variation may be controlled by optix, many
other loci are likely involved in shaping wings to suit the local environment and life-history
of each species.

5.5.5 Genetic basis of an ecologically relevant trait
A common criticism of population genomics approaches, reverse genetics, that aim to link
genotypes and environments is that they often lack phenotypes. Traits directly measured
from the wild might be a result of phenotypic plasticity, and are thus rarely used to infer local
adaptation. Common-garden rearing can bridge the gap between phenotypes, genotypes, and
environment, by providing measurements of heritability and repeatability of a trait across
families whose genetic material comes from different extremes of an environmental cline
(de Villemereuil et al., 2016). On the other hand, using highly differentiated populations
can result in spurious phenotypic associations and makes identifying divergent outliers
challenging. Thus, GWAS in the wild should use randomly mating populations with little
population structure, while ensuring there is enough phenotypic variation to detect genetic
associations with the trait of interest. Hybrid zones, where closely related subspecies or
morphs come into contact along an environmental cline, can provide such ideal conditions to
carry out GWAS in the wild.

Here we have demonstrated the value of combining these approaches to disentangle the
genomic basis of an ecological relevant trait in the wild. We found that wing aspect ratio
is highly heritable in two widespread species of Heliconius butterflies, and that altitude
explains part of the variation in this trait. We have identified several regions potentially



152 Genomics of altitude-associated wing shape in two tropical butterflies

shaping wings in H. erato and H. melpomene, including five candidate genes involved in
wing morphogenesis and several identified to be affecting wing shape in recent Drosophila

studies (Pitchers et al., 2019). We found evidence of molecular parallelism between species
at the gene rugose, and a strong association of H. erato wing shape with a known colour
pattern locus, optix. Our study adds to a growing body of evidence showing that most
quantitative traits conferring local adaptation are highly polygenic (Barghi et al., 2020).
Spatial environmental heterogeneity and gene flow are thought to maintain high levels of
standing genetic variation (Tigano and Friesen, 2016). This can favour polygenic adaptation,
so that incomplete sweeps of many redundant loci can shift traits towards an optimum
(Yeaman, 2015). A slow-moving optimum, such range-expansions towards the highlands,
should favour polygenic adaptation via small-effect loci, whereas selection for a distant
optimum, such a switch in colour pattern mimicry in Heliconius, should favour large-effect
loci (Barghi et al., 2020). New whole-genome sequencing technologies could foster the study
of polygenic adaptation to the environment and shape our understanding of the mode and
tempo of evolution in the wild.
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5.6 Supplementary Information
5.6.1 Note S1. Happlotagging datset filtering
Reads were beadTag demultiplexed, trimmed, placed against their respective references
(H. melpomene: Hmel2.5 and H. erato: helera1_demo), duplicate marked, molecules were
identified and initial SNPs called using bcftools call with the multiallelic algorithm (-m). Bam
files and initial SNP sets were phased with STITCH, and the resulting variant call files (VCF)
were merged and filtered to remove positions with poor information score (INFO_SCORE
<= 0.5). Molecular phasing per individual was performed with HAPCUT2 at heterozygous
sites. The resulting dataset used for analyses contained 25.4M SNP positions for H. erato

(66.3 SNPs / kbp) and 23.3M million for H. melpomene (84.7 SNPs / kbp).
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5.6.2 Note S2. Heritability estimates
There are two ways of estimating narrow-sense heritability (h2) in full-sib designs, where
individuals of each group share a mother and a father (Falconer, 1995; Caballero, 2020).
Firstly, resemblance between relatives can be estimated by partitioning phenotypic variance
into within-group and between group sources of variance, referred to as intra-class correlation
coefficient (ICC) or repeatability. Repeatability (R) is calculated as the variance among group
means (group-level variance VG) over the sum of group-level and individual-level (residual)
variance VR:

R =
VG

(VG +VR)

This measure of narrow-sense heritability could be inflated, as it includes non-additive genetic
effects (dominance or epistasis) and maternal effects, but can be a useful approximation
when controlling for across group environmental variance, i.e. in common-garden rearing
experiments (Caballero, 2020). We estimated within-family wing aspect ratio repeatability
(ICC), with a linear mixed model approach. This requires the grouping factor to be specified
as a random effect, in this case family ID, with a Gaussian distribution and 1000 parametric
bootstraps to quantify uncertainty, implemented with the function rptGaussian() in rptR

package (Stoffel et al., 2017). By specifying family ID as a random effect, the latter approach
estimates the proportion of total wing shape variance accounted for by differences between
families. Secondly, narrow-sense heritability (h2) can be estimated with parent-offspring
regressions, where mid-parent trait values are regressed against mid-offspring trait values.
The slope of such correlation would be considered h2, but can be inflated if trait values
are available for only one of the parents. We estimate narrow-sense heritability (h2) by
calculating the slopes of mother and mid-offspring regressions, for those families where
the mother’s wings were intact and phenotyped (31/48 broods in H. erato and 10/23 in H.

melpomene). Father’s phenotypes were not available as females were collected fertilised
directly from the wild.
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Table 5.4 Common garden rearing mothers’ locality information. Only broods with more than
3 offspring’s wings phenotyped are shown. Unit IDs can be searched in the Earthcape database
https://Heliconius.ecdb.io, Jiggins et al. 2019.

Mother ID Mother unit ID Species Batch Brood size Locality on Earthcape Altitude Latitude Longitude
2 CAM041354 H. e. lativitta 18 6 Reventador road 1312 -0.01876 -77.52574
7 CAM041833 H. e. lativitta 18 73 Reventador road 2 1348 -0.004433 -77.506167
8 CAM041393 H. e. lativitta 18 12 Reventador road 2 1348 -0.004433 -77.506167

10 CAM041429 H. e. lativitta 18 3 Reventador road 2 1348 -0.004433 -77.506167
14 CAM041473 H. e. lativitta 18 20 Limoncocha - El Carmen 1 458 -1.09256 -77.54583
19 CAM041510 H. e. lativitta 18 4 Ikiam Mariposario 600 -0.948557 -77.86605
20 CAM041848 H. e. lativitta 18 35 Road to Shalcana Loma 429 -1.057317 -77.7018
21 CAM041568 H. e. lativitta 18 17 Ikiam Mariposario 600 -0.948557 -77.86605
22 CAM041585 H. e. lativitta 18 4 Reserva Narupa, bridge 1120 -0.724668 -77.767994
24 CAM041891 H. e. lativitta 18 49 Ikiam Mariposario 600 -0.948557 -77.86605

A12 19N1981 H. m. malleti 19-20 15 San Pedro de Arajuno 405 -1.09759 -77.58389
A14 19N1694 H. e. lativitta 19-20 8 San Pedro de Arajuno 405 -1.09759 -77.58389
A15 19N2783 H. e. lativitta 19-20 15 San Pedro de Arajuno 405 -1.09759 -77.58389
A3 18N0651 H. e. lativitta 19-20 3 San Pedro de Arajuno 405 -1.09759 -77.58389
A4 19N0270 H. e. lativitta 19-20 22 San Pedro de Arajuno 405 -1.09759 -77.58389
A5 19N1211 H. e. lativitta 19-20 4 San Pedro de Arajuno 405 -1.09759 -77.58389
E3 19N2117 H. e. lativitta 19-20 14 Reserva Narupa Bridge 1124 -0.724668 -77.767994
H2 19N0022 H. e. lativitta 19-20 8 Challua Yaku Grande 990 -0.7185833 -77.692972
K12 19N0326 H. e. lativitta 19-20 14 Ikiam 615 -0.948557 -77.86605
K17 19N0695 H. e. lativitta 19-20 17 Ikiam 615 -0.948557 -77.86605
K2 20N0613 H. e. lativitta 19-20 14 Ikiam 615 -0.948557 -77.86605

K20 19N0981 H. m. malleti 19-20 3 Ikiam 615 -0.948557 -77.86605
K23 20N0614 H. e. lativitta 19-20 5 Ikiam 615 -0.948557 -77.86605
K24 19N2014 H. e. lativitta 19-20 15 Ikiam 615 -0.948557 -77.86605
K33 19N2460 H. e. lativitta 19-20 29 Ikiam 615 -0.948557 -77.86605
K34 19N2463 H. e. lativitta 19-20 6 Ikiam 615 -0.948557 -77.86605
K7 19N0285 H. e. lativitta 19-20 27 Ikiam 615 -0.948557 -77.86605
L1 19N0847 H. e. lativitta 19-20 12 El Capricho 5.7km 824 -1.1878167 -77.83105
M1 20N0615 H. e. lativitta 19-20 30 La Mina Negra 1326 -0.7200278 -77.747083
M23 19N0341 H. m. malleti 19-20 5 La Mina Negra 1326 -0.7200278 -77.747083
M38 19N0528 H. m. malleti 19-20 6 La Mina Negra 1326 -0.7200278 -77.747083
M39 19N0746 H. m. malleti 19-20 25 La Mina Negra 1326 -0.7200278 -77.747083
M50 19N1034 H. m. malleti 19-20 16 La Mina Negra 1326 -0.7200278 -77.747083
M55 19N1467 H. m. malleti 19-20 11 La Mina Negra 1326 -0.7200278 -77.747083
M59 19N1422 H. m. malleti 19-20 15 La Mina Negra 1326 -0.7200278 -77.747083
N19 19N1995 H. e. lativitta 19-20 27 Finca Narupa bridge 1150 -0.72516 -77.76736
N23 19N1633 H. e. lativitta 19-20 10 Finca Narupa bridge 1150 -0.72516 -77.76736
N26 20N0609 H. e. lativitta 19-20 18 Finca Narupa bridge 1150 -0.72516 -77.76736
N41 20N0616 H. m. malleti 19-20 3 Finca Narupa bridge 1150 -0.72516 -77.76736
N42 20N0617 H. m. malleti 19-20 23 Finca Narupa bridge 1150 -0.72516 -77.76736
N43 20N0618 H. m. malleti 19-20 37 Finca Narupa bridge 1150 -0.72516 -77.76736
N44 19N2510 H. e. lativitta 19-20 39 Finca Narupa bridge 1150 -0.72516 -77.76736
N45 20N0619 H. e. lativitta 19-20 3 Finca Narupa bridge 1150 -0.72516 -77.76736
N46 19N2483 H. e. lativitta 19-20 4 Finca Narupa bridge 1150 -0.72516 -77.76736
N47 19N2784 H. e. lativitta 19-20 8 Finca Narupa bridge 1150 -0.72516 -77.76736
P1 19N0150 H. m. malleti 19-20 13 Rio Pusuno 375 -1.0256944 -77.60475
P12 19N0314 H. m. malleti 19-20 21 Rio Pusuno 375 -1.0256944 -77.60475
P15 19N0007 H. e. lativitta 19-20 13 Rio Pusuno 375 -1.0256944 -77.60475

https://heliconius.ecdb.io
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Table 5.4 continued from previous page
Mother ID Mother unit ID Species Batch Brood size Locality on Earthcape Altitude Latitude Longitude

P16 19N0004 H. e. lativitta 19-20 17 Rio Pusuno 375 -1.0256944 -77.60475
P19 19N0599 H. m. malleti 19-20 25 Rio Pusuno 375 -1.0256944 -77.60475
P28 19N1181 H. e. lativitta 19-20 5 Rio Pusuno 375 -1.0256944 -77.60475
P29 19N1395 H. e. lativitta 19-20 12 Rio Pusuno 375 -1.0256944 -77.60475
P31 19N1413 H. e. lativitta 19-20 7 Rio Pusuno 375 -1.0256944 -77.60475
P35 19N1999 H. e. lativitta 19-20 15 Rio Pusuno 375 -1.0256944 -77.60475
P39 19N1895 H. e. lativitta 19-20 14 Rio Pusuno 375 -1.0256944 -77.60475
P40 19N1646 H. m. malleti 19-20 12 Rio Pusuno 375 -1.0256944 -77.60475
P41 19N2397 H. m. malleti 19-20 37 Rio Pusuno 375 -1.0256944 -77.60475
P44 19N2025 H. m. malleti 19-20 30 Rio Pusuno 375 -1.0256944 -77.60475
P48 19N2785 H. m. malleti 19-20 11 Rio Pusuno 375 -1.0256944 -77.60475
P49 19N2556 H. e. lativitta 19-20 8 Rio pusuno 375 -1.0256944 -77.60475
P50 19N2782 H. m. malleti 19-20 27 Rio pusuno 375 -1.0256944 -77.60475
T1 19N1123 H. e. lativitta 19-20 4 Shitig 800 -0.905718 -77.873174
T2 19N1188 H. e. lativitta 19-20 6 Shitig 800 -0.905718 -77.873174
U1 19N0275 H. m. malleti 19-20 25 cr. Pununo 490 -1.0347778 -77.656583
V2 20N0620 H. e. lativitta 19-20 7 Venecia 432 -0.905718 -77.873174
W1 19N000 H. m. malleti 19-20 15 Wildsumaco 1522 -0.6746389 -77.608861
W7 20N0621 H. m. malleti 19-20 13 Wildsumaco 1522 -0.6746389 -77.608861
W8 19N0280 H. m. malleti 19-20 31 Wildsumaco 1522 -0.6746389 -77.608861
Y4 19N0670 H. e. lativitta 19-20 10 Apuya 4km 610 -1.1155667 -77.778333
Y6 19N0661 H. e. lativitta 19-20 20 Apuya 4km 610 -1.1155667 -77.778333
Y7 19N0320 H. e. lativitta 19-20 8 Apuya 4km 610 -1.1155667 -77.778333
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Figure 5.6 Sexual dimorphism in H. erato and H. melpomene. Wing aspect ratio distribution across
sexes in wild and reared individuals included in this study. In the wild, females are captured in smaller
numbers due to different diurnal behaviours, hence the lower count for the wild sample. Vertical
dotted lines represent means per group.
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Figure 5.7 Mother and mid-offspring wing shape (aspect ratio) regressions with broods divided into
males (orange) and females (A), and with data scaled and centred (B). Left panel: H. erato, right:
H. melpomene. Point size represents number of individuals per brood and vertical lines are standard
errors.
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Figure 5.8 Wing area (mm2) of common-garden reared individuals correlates with pupal mass (g) in
H. erato (right) and H. melpomene (left), across sexes. Shading around the regression corresponds to
95% confidence intervals of the regression. Correlation coefficients and p-values of linear regressions
are shown.
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Figure 5.9 Wing aspect ratio from reared broods (black), where each point represents mean aspect
ratio per brood, and individuals from the same areas where the brood mothers were collected (grey,
from a previous study Montejo-Kovacevich et al. 2019). Two sample t-tests between highland and
lowland means for each species and sex were not significant (ns).
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Figure 5.10 Wing area variation across broods and elevations in H. erato (top panel) and H.
melpomene. A) Mother and mid-offspring wing shape (aspect ratio) regressions, B) broods di-
vided into males (orange) and females (black), and C) F1 offspring wing aspect ratio with respect to
maternal origin across elevations. Families were classified as high-altitude if the mother was collected
above 600 m and low-altitude if below. Wing aspect ratio for all individuals is additionally shown as
grey points in the background. Two sample t-tests between highland and lowland family means for
each species were not significant (ns).



162 Genomics of altitude-associated wing shape in two tropical butterflies

Figure 5.11 Wing aspect ratio distribution across subspecies of H. erato (A) and H. melpomene (B).
Both species co-occur and have three main colour pattern morphs along this cline: two distinct colour
pattern morphs (H. e notabilis and H. m. plesseni, referred to as ‘black’, and H. e lativitta and H. m.
malletti, referred to as ‘rayed’) and within-species hybrids displaying admixed phenotypes (green).
Colours on the distribution are slightly transparent to allow visualisation of aspect ratio distributions
that overlap. Vertical lines represent mean aspect ratio per group.
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Figure 5.12 Variation in wing aspect ratio across pure subspecies (black= H. erato notabilis and
orange= H. erato lativitta) and intermediate hybrid phenotypes (green, top) and aspect ratio variation
across genotypes (bottom). We divide all individuals into combinations of genotypes at the three
most important colour pattern loci for this species: optix, WntA, and Ro, which control red patterns’
distribution and presence, number of forewing bands, and forewing band shape, respectively. Highland
alleles are represented by “H” and lowland alleles by “L”. T-tests of aspect ratio between genotypes
are presented (*< 0.05, **<0.01, ***<0.001, ns not significant).
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Figure 5.13 Variation in wing aspect ratio across pure subspecies (black= H. melpomene plesseni
and orange= H. melpomene malleti) and intermediate hybrid phenotypes (green, top) and aspect ratio
variation across genotypes (bottom). We divide all individuals into combinations of genotypes at the
three most important colour pattern loci for this species: optix, WntA and Cortex, which control red
patterns’ distribution and presence, number of forewing bands, and forewing band shape, respectively.
Highland alleles are represented by “H” and lowland alleles by “L”. T-tests of aspect ratio between
genotypes are presented (*< 0.05, **<0.01, ***<0.001, ns not significant).
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Figure 5.14 Distribution of p-values (in -log10 scale) under 200 permutations (grey) and observed
p-values (black). Top row shows distribution of p-values for all windows (A, B) and bottom row for
outlier windows in the observed dataset (i.e. lowest 1% p-values, C, D), for H. erato (A, C) and H.
melpomene (B, D).
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Figure 5.15 QQplot of median p-values per 50SNP window across the genome for H. erato (A) and H.
melpomene (B). Median inflation factor (λ ) estimated with the function estlambda() from the package
GenABEL (Aulchenko et al. 2007).
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Figure 5.16 Genome-wide association of wing aspect ratio (top panels) and zoomed in regions with
median p-values and permutations (bottom panels) in H. erato (A) and H. melpomene (B). In the
genome-wide view, red points represent minima p-value per 50 SNP window (10 SNP step), i.e. the
strongest associations, and the blue dotted line shows critical p-value threshold at P<0.05, as obtained
from the 95th percentile of minimum genome-wide p-values across 200 permutations. Black points
are median p-values per window, for p-values lower or equal to the top 1% of 200 permutations (i.e.
observed p-values ranking first or second among permutations). Yellow bars and arrows highlight our
regions of interest presented in the main text. The bottom panels are close ups of regions with median
p-values only in chromosome 18 (H. erato, optix) and chromosome 10 (H. melpomene, tap42). Grey
points are median p-values that did not rank above the 99th percentile of permutations, or that were
not in the top 1% strongest hits (below the grey dotted line). White boxplots and points represent
median p-values for the same windows obtained from 200 genome-wide permutations, where aspect
ratio was randomly assigned across individuals.
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Figure 5.17 Patterns of genetic differentiation (Fst) across the genome ofH. erato (A) and H.
melpomene (B) high elevation vs low elevation populations. Regions considered outliers in the
genome-wide association study for wing shape are highlighted in yellow. The four largest Fst peaks
in chromosomes 10, 13, 15, and 18 correspond to known wing pattern loci (described for this cline in
Meier et al. 2020).
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Conclusions

In this thesis, I have combined natural history, ecology, and evolutionary genetics to gain
insight into adaptation to altitude in Heliconius butterflies. While studying a single organism
cannot answer every question in evolutionary biology, studies of these butterflies have sig-
nificantly advanced our understanding of evolution. Convergence in colour patterns across
distantly related, co-occurring species of this genus led Henry Walter Bates to develop his
mimicry theory (Bates, 1862) and was later used as evidence for the Modern Synthesis
(Turner, 1981). The study of colour pattern genetics and the behaviours and ecology as-
sociated with them has shaped our understanding of the genetic architecture of adaptation
and speciation (Merrill et al., 2015). The wealth of ecological and genomic studies makes
Heliconius an excellent system to investigate adaptation to high altitude environments, giving
us the opportunity to bring together fields that are often studied separately: tropical ecology
and evolutionary genetics.

6.1 Adaptation to altitude in tropical forests
Tropical forests are the most biodiverse terrestrial ecosystems on Earth (Pimm and Raven,
2000). In the tropics, temperatures remain relatively constant throughout the year, but
decrease more rapidly across elevations than in temperate zones (~6.5°C per 1000m, Dillon
2006; García-Robledo et al. 2016). This low temporal but high spatial variability in climate is
predicted to select for narrow thermal limits in ectotherms (Sheldon, 2019), making mountain

passes higher in the tropics (thermal adaptation hypothesis, Janzen 1967). By limiting
their ability to cope with temperature extremes and to disperse across altitudes, narrow
thermal breadths may make tropical ectotherms more vulnerable to anthropogenic climate
and land-use change (García-Robledo et al., 2016; Polato et al., 2018). However, tropical
forests harbour even steeper climatic gradients within them than across elevations, with the
understory often about 2°C cooler than the canopy and with an 11% difference in relative
humidity (Scheffers et al., 2013). The understory may act as a refuge from climatic extremes
and could favour wider thermal breadths in highly mobile ectotherms that exploit different
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strata of the forest (Pincebourde and Suppo, 2016; Scheffers et al., 2014). Furthermore,
tropical ectotherms can sometimes be found inhabiting large elevational and geographic
ranges, such as H. melpomene which continuously inhabits 1600m in elevation, highlighting
an ability to locally adapt or cope with changing climates and environmental conditions.
Thus, understanding the environmental variables and traits shaping the evolution of tropical
ectotherms is crucial for shedding light on their responses to anthropogenic change.

Species distribution models are strongly affected by temperature and are used to predict
the impacts of climate change on biodiversity (Kearney and Porter, 2009; Senior et al.,
2017). However, these are based on climatic variables interpolated from weather stations
and calculated at much larger scales (often >100km) than those experienced by individuals
(tens of meters). The coarse resolution of interpolated climate surfaces not only fails to
capture scales that are ecologically relevant to organisms, but it also lacks the microclimate
availability of vertical gradients within forests (De Frenne et al., 2019; Jucker et al., 2018).
Microclimates within tropical forests are affected by two key variables: forest structure
and topography (Jucker et al., 2018). To better understand the microclimates Heliconius

experience at different strata within forests and at different elevations, in Chapter 3 we
recorded hourly temperature and humidity in the subcanopy and the understory for a full
year, yielding over 500,000 records from 28 locations. We found that tropical forests
thermally buffer temperature and humidity, especially in the lowlands where the understory
was on average 2.1°C cooler than the subcanopy, and that this buffering was not captured in
WorldClim2, one of the most used interpolated global climate datasets (Fick and Hijmans,
2017). This mismatch highlights the need to consider representative microclimates on the
ground when studying local adaptation and species distributions.

If microclimate variation is so large within forests and across elevations, how can highly
mobile or widespread ectotherms cope? Being exposed to such spatial variability in tem-
perature may offset the lack of seasonality across the year and select for a wider thermal
breadth than previously suggested by the thermal adaptation hypothesis (Janzen, 1967; Pince-
bourde and Woods, 2020). In Chapter 3, we additionally measured heat tolerance in ten
Heliconius species with heat knockdown assays on wild individuals inhabiting these areas.
As expected, highland species and populations were less thermally tolerant than lowland
ones. The difference was strongest when comparing highland and lowland specialist species
than when comparing populations of widespread species, indicating a potential role for local
adaptation in species with narrow ranges vs more plasticity in widespread species (Chapter 3).
Upper thermal limits (CTmax) have been shown to not vary widely across species presumably
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due to physiological constraints such as protein denaturation (Addo-Bediako et al., 2000;
González-del-Pliego et al., 2020; Klockmann et al., 2017; Sunday et al., 2012), especially
when compared to lower thermal tolerance limits which are highly variable and evolvable
(Barrett and Hoekstra, 2011; Leal and Gunderson, 2012; Pool et al., 2017). Nevertheless,
a large study in mountain-dwelling Chrysomelidae beetles showed that CTmax was locally
adapted to the elevation range different species inhabited (García-Robledo et al., 2016). In
contrast to CTmax, heat tolerance measures knockdown time at a given temperature, ideally
one that organisms could encounter in the wild, which could be more relevant for understand-
ing how species adapt to their local complex environment. However, measuring heat tolerance
in the wild is logistically challenging and affected by acclimation to the air temperature at
which organisms are collected and tested (Jørgensen et al., 2019). Thus, studying species
thermal ecology in controlled settings is essential to understanding their evolution.

We found that heat tolerance did not differ between offspring of common-garden reared
broods of the widespread species H. erato, despite showing significant differences in the wild,
indicating plasticity in this trait (Chapter 3). The effect of the common environmental condi-
tions on thermal tolerance could be driven by developmental plasticity (larval temperature
irreversibly affecting adult thermal tolerance) or acclimation (adult temperature reversibly
affecting thermal tolerance). Reaction norms are required to study thermal phenotypic plas-
ticity and understand trait expression variation with different environments (Lafuente and
Beldade, 2019; Oostra et al., 2018). Upper thermal tolerance has been shown to evolve in
experimental evolution studies with flies and fish but often at the expense of acclimation
ability (Barghi et al., 2019; Castañeda et al., 2019; Morgan et al., 2020). It is therefore unclear
whether evolutionary rescue will necessarily help ectotherms cope with global warming
(but see Logan et al. 2014b). However, when present, incorporating thermal adaptability in
species distribution modelling has been shown to decrease vulnerability to climate change in
Australian fruit flies (Bush et al., 2016). The high genetic diversity found in all H. erato and
H. melpomene populations across elevations could facilitate rapid evolution in this system
(Chapter 4). The observed plasticity of heat tolerance in H. erato is perhaps not surprising,
given that this species is often found on the edge of disturbed forest (Mallet, 1986a), which
has earned them the ‘trashy species’ nickname, together with others that have expanded
to degraded habitats of Caribbean islands (Jiggins, 2016). Future studies should focus on
assessing thermal plasticity in high-altitude Heliconius specialist species and using reciprocal
transplants to infer the impact of climate change on these taxa (Merilä and Hendry, 2014).
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The observed offset of within-forest temperatures is greater in magnitude than global warming
in the last 100 years (~0.85 °C), which highlights the need for more research to understand
how warming temperatures will affect the insulating potential of tropical forests (De Frenne
et al., 2019). Highly mobile insects, such as adult butterflies or ants, could behaviourally
adapt to avoid the hottest parts of the day or hot patches of the forest (Bonebrake et al., 2014;
Spicer et al., 2017; Tsai et al., 2020). Flightless ectotherms or less mobile life-stages, such as
butterfly larvae, may be less able to behaviourally avoid heat. Moreover, thermal tolerance
is generally proportional to body size, so smaller life-stages tend to be more vulnerable
to temperature increases (Klockmann et al., 2017). Thermoregulatory plastic behaviour
has been shown to limit local adaptation by improving performance in the short-term but
dampening the response selection in the long-term (Buckley et al., 2015). A crucial aspect of
adaptation to thermal environments has hitherto received little attention, namely the impact
of differences in relative humidity across forest layers and elevations. Moist habitats are
more robust to temperature changes because water has higher specific heat capacity than
air, thus requiring more energy to result in a change in temperature. A particularly useful
measure to understand atmospheric water imbalance is vapour pressure deficit (VPD), or
the ‘drying power of the air’, which is the difference between the amount of moisture in the
air and how much it can hold when saturated at a given temperature and air pressure. In
Chapter 3, we describe strong differences in VPD between subcanopies and understories,
especially in the lowlands. VPD affects seedling growth and survival (Jucker et al., 2018;
Motzer et al., 2005), as well as desiccation risk in ectotherms (Bujan et al., 2016). The high
surface area to volume ratio of small life-stages or ectotherm species make them particularly
vulnerable to desiccation (Harrison et al., 2012). Thus, future studies should test desiccation
resistance alongside thermal tolerance in tropical insects.

Many aspects of the environment, other than temperature and humidity, change drastically
with elevation, such as air pressure and forest structure (Buckley et al., 2013; Dillon, 2006).
Shifts towards the highlands associated with global warming have been detected in tropical
moths and ground beetles (Chen and Jiang, 2009; Moret et al., 2016). Flight is important for
dispersal, but also for finding mates, food sources, and escaping predators (Berwaerts et al.,
2002; Chazot et al., 2014; Farney and Fleharty, 1969; Jones et al., 2013; Ortega Ancel et al.,
2017). Thus, flight is predicted to be under strong and numerous selective forces in any given
environment (Le Roy et al., 2019). The well resolved phylogeny of Heliconius butterflies
enables us to study trait variation across environments or life-histories, while controlling for
relatedness between species. In Chapter 2, I reported wing shape and size variation in thirteen
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species from more than 3500 individuals collected in the wild since the 1990s. We found that
males were larger than females in species that lay eggs singly, in contrast to most Lepidoptera
(Allen et al., 2011), whereas species with gregarious larva had larger females. For the first
time in this system, we described wing morphological variation across an environmental
cline, with species and populations found at higher altitudes consistently having rounder
wings. Heliconius wing shape has been shown to correlate with co-mimics in other butterfly
genera (Jones et al., 2013) and may be involved in locomotor mimicry, as selection favours
Müllerian unpalatable species to have slow flights to display their aposematic colour patterns
(Srygley, 2004) and birds might be able to recognize unpalatable species more easily (Srygley,
2007). Our study showed that wing aspect ratio varied with elevation across and within
species and with life-history strategies, beyond the effects of selection imposed by mimicry.
This highlights the complexity of selection pressures affecting morphological traits, and the
potential relevance of wing shape in adaptation to high altitude. Future studies should focus
on testing the anatomical and flight kinematic changes associated with wing aspect ratio
variation to infer fitness advantages in the wild.

6.2 Population genomics is advancing our understanding
of nature

Population genomics is the study of the amount and causes of genomic variability in natural
populations, a topic broadly debated since Darwin (Charlesworth, 2010). The questions in
the 19th and 20th century revolved around the mode and tempo of evolution: gradualists
vs mutationatists (Fisher, 1930), ‘hopeful monsters’ (Goldschmidt, 1982) or ‘punctuated
equilibrium’ (Gould and Eldredge, 1977). While the questions remain similar, we now have
the tools to study evolution at the genomic level, to uncover how and when it takes place
in nature (Nadeau and Jiggins, 2010). Population genomics approaches usually involve
sampling individuals from different populations, traits, and/or environments, genotyping
loci mapped to a reference genome, and identifying outliers associated with the variable of
interest (Hohenlohe et al., 2018; Rajora, 2019). With the plummeting costs of sequencing
and the increasing availability of reference genomes, obtaining whole genomes through
re-sequencing of many individuals per population is becoming feasible for many species.
These can help us identify loci underlying adaptive evolution and the genetic architecture of
traits, which are long-standing goals of evolutionary biology.

There are two general approaches for narrowing down genomic regions involved in local
adaptation (Pardo-Diaz et al., 2015). Reverse genetics approaches aim to detect selection
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signatures across the genome without necessarily having prior knowledge of the phenotypes
involved, whereas forwards genetics approaches aim to identify the genes underlying variation
in a potentially adaptive trait (Fuentes-Pardo and Ruzzante, 2017; Pardo-Diaz et al., 2015;
Stapley et al., 2010). In this thesis, I used reverse genetics approaches to study genome-wide
signatures of selection for adaptation to altitude (Chapter 4) and combined both approaches
to identify genomic regions underlying variation in wing shape (Chapter 5), which we found
to potentially confer adaptation to high altitude in Chapter 2.

Parallel adaptation to similar environments is often used as a natural experiment from
which to gain insight into the predictability of evolutionary change. A wealth of literature
demonstrates genetic parallelism underlying adaptations (Bohutínská et al., 2020; Conte
et al., 2012; Fang et al., 2020; Nadeau et al., 2014; Pool et al., 2017). However, the degree of
parallelism largely depends on (i) the divergence between lineages studied (Lee and Coop,
2017; Orr, 2005b; Rosenblum et al., 2014), both phylogenetically (within vs across species)
and spatially (with or without gene flow), (ii) the functional level at which parallelism is
considered (alleles, genes, pathways, Bohutínská et al. 2020; Stern 2013), and (iii) the
genetic architecture of adaptation (polygenic vs large-effect loci. Barghi et al. 2020). In
Chapter 4, I studied signatures of selection in populations of H. erato and H. melpomene

that have repeatedly colonised high altitude environments. Through the sequencing and
analyses of 518 whole-genomes, I found that there were many peaks of high-altitude specific
differentiation across the genome, and that there was a high degree of molecular parallelism
between independent clines connected via gene flow, and to some extent between clines
on different sides of the Andes in H. erato, but not in H. melpomene. Contrary to the
ubiquitous parallelism in colour pattern genetics across Heliconius species (Meier et al.,
2020; Nadeau et al., 2014; Van Belleghem et al., 2017), parallelism in adaptation to altitude
between H. erato and H. melpomene was largely absent. The powerful sampling design
across population trios, clines, and sides of the Andes allowed us to disentangle the pervasive
effects of geographical isolation on the genome (genetic drift) from differentiation due to
selection and promises to become an example for future population genetic studies on local
adaptation in the era of accessible whole-genome sequencing. Local PCAs across the genome
with individuals pooled from different clines (Li and Ralph, 2019) and methods to infer the
mode of convergent molecular evolution through the study of hitchhiking (Lee and Coop,
2017), promise to advance our understanding of the genomics of local adaptation.

A key question when studying associations between traits and environmental variables is
whether these traits are heritable or driven by phenotypic plasticity (de Villemereuil et al.,
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2016). We tested heritability of the traits associated with altitude identified in Chapter 2, wing
shape, by rearing mothers from different elevations in common-garden rearing conditions.
With 71 broods of H. erato and H. melpomene we established that wing aspect ratio was
highly heritable and that the altitude-associated wing shape patterns observed in the wild
(Chapter 2) were recapitulated in the offspring (Chapter 5). These results are in line with the
generally higher heritability observed in insect wing shape compared to wing size (Gilchrist
and Partridge, 2001; Klingenberg et al., 2010), although in H. melpomene wing size was also
heritable. To study the genomic basis of wing shape, we used a genome-wide association
study (GWAS, forward genetics). Quantitative wing shape variation has been well-studied in
Drosophila (Carreira et al., 2011; Pitchers et al., 2019; Ray et al., 2016b), but in other insects
only wing polymorphisms with simple genetic basis have been examined (Li et al., 2020;
McCulloch et al., 2019; Zhang et al., 2019).

We performed a GWAS of 666 whole-genome sequences from a previous study (Meier et al.,
2020), which identified many regions associated wing shape variation, and of these, only one
overlapped across species. Interestingly, the red colour pattern locus, optix, was associated
with wing shape variation in H. erato but not H. melpomene, highlighting a potential function
for a wing patterning gene in wing shape differences. Several associated regions mapped to
genes involved in wing morphogenesis (suppressor of deltex, lowfat, dok, among others) and
that had been recently found to shape Drosophila wings (Pitchers et al., 2019). Furthermore,
we combined GWAS (forward genetics) with Fst scans (reverse genetics), highlighting
that some regions associated with wing shape variation were also differentiated along the
altitudinal cline and potentially associated with adaptation to altitude. Some of these regions
were also identified in the altitude selection scans of Chapter 4, making them interesting
candidates for future studies. This study adds to a growing to a growing body of evidence that
most quantitative traits are polygenic and that genetic redundancy may lead to non-parallel
patterns across species in such traits (Barghi et al., 2020; Yeaman, 2015).

How is phenotypic change towards a new optimum genetically encoded? There have been
important methodological and historical differences between the forward and reverse genetic
approaches to understanding ‘adaptive walks’. Quantitative genetics, upon which many
forward genetics methods are based, focuses on the genes driving phenotypic change, while
molecular population genetics (reverse genetics) aims to find signatures of selection and
linkage in the genome. Fisher proposed that the inheritance of quantitative traits proceeded
via weak selection of an large number of unlinked, non-epistatic genes of small effect
(infinitesimal model), suggesting evolution was incremental and gradual (Fisher, 1919;
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Wellenreuther and Hansson, 2016), although Kimura and Orr later modified the model to
incorporate the likelihood of mutations becoming fixed and their relative sizes depending
on the distance to the optimum (Kimura, 1979; Orr, 1998, 2005a). In contrast, molecular
population genomics has focused on selective sweeps, where large frequency changes lead
to the rapid fixation of beneficial alleles (Barghi et al., 2020; Nadeau and Jiggins, 2010;
Pritchard et al., 2010). There is flexibility in both approaches, with modern quantitative
genetic models allowing for larger effect changes in allele frequencies (Barton and Turelli,
1989) and incomplete sweeps allowing for smaller effect-size alleles shifting traits towards
an optimum compared to hard sweeps of large-effect (Martin and Jiggins, 2013; Pritchard
et al., 2010). However, the core differences may have biased the literature of each field
towards a particular type of trait (discrete vs continuous) and a resulting differing degree
of parallelism, where large-effect loci controlling discrete variation are more prone to
being selected repeatedly across lineages. In Heliconius, colour pattern switches have been
associated to the same large-effect loci across species (Lewis et al., 2019; Nadeau et al., 2014;
Reed et al., 2011; Van Belleghem et al., 2017; Westerman et al., 2018), while a recent study
found a more polygenic basis for quantitative red colour variation (Bainbridge et al., 2020).
When studying adaptation to the environment, where the phenotype involves adaptation of
multiple traits, a polygenic basis is likely to be found and genetic redundancy may lead to
evolution taking slightly different paths to reach the same solutions (Barghi et al., 2020;
Melo et al., 2019). With thorough sampling, an array of statistical methods, and careful
interpretation Chapter 4 and Chapter 5 shed light on the genomics of local adaptation to
montane habitats, highlighting parallelism across populations connected via gene flow, but
lack of parallelism across species, both with a molecular population genomics approach
(selection scans, Chapter 4) and a quantitative genetics approach (GWAS, Chapter 5).

6.3 What is next for the study of adaptation to altitude?
Establishing that an observed phenotypic pattern is heritable and identifying associated
genomic basis is not entirely sufficient for inferring adaptive evolution (Merilä and Hendry,
2014). On the one hand, phenotypic clines associated with the environments may well
represent an association with other correlated traits. Complex hierarchy of phenotypes might
mean that the adaptive phenotype is not easily captured by observational studies, but instead
correlated to a tractable morphological phenotype (Barghi et al., 2020). Furthermore, the
targets of selection may correspond to higher-level phenotypes than those found to vary in
individual populations. For instance, functional redundancy in adaptation to high altitude in
humans has led to changes in red cell blood production in Tibet and Ethiopia in contrast to
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cardiovascular modifications in Andean populations to deal with hypoxia (Barghi et al., 2020;
Witt and Huerta-Sánchez, 2019). On the other hand, most modern evolutionary genetics
methods rely on correlations between phenotypes, environmental variables, and genotypes,
whether using reverse or forward genetics approaches (Pardo-Diaz et al., 2015). Biological
pleiotropy, where a gene affects more than one phenotype, is very common (Melo et al.,
2019). Thus, a strong association between variation in a trait and a given genomic region does
not necessarily imply that the genetic variant is causal. In fact, spurious pleiotropy, caused
by detecting regions in strong linkage disequilibrium with the causal variant, is also common
(Solovieff et al., 2013). However, strong environment/phenotype/genotype associations,
especially if obtained with independent populations and an array of methods, provide useful
hypotheses for testing candidates with functional studies. Future work on this system could
perform genome-wide associations with other relevant traits (e.g. melanism) and functionally
test some of the candidates identified in Chapter 4 or Chapter 5 with CRISPR/Cas9 gene
editing.

With 10-30% of multicellular animals and plants known to hybridise (Abbott et al., 2013),
it has been commonly demonstrated how beneficial allele sharing across lineages may be
important for evolution. Adaptive introgression has been demonstrated in many systems,
from Heliconius colour pattern (Martin and Jiggins, 2013) or snowshoe hare coat colour
(Jones et al., 2013), to rescue from extreme environmental pollution (Oziolor et al., 2019)
or pesticide resistance in moths (Valencia-Montoya et al., 2020). For example, adaptation
to high altitude in Tibetans was facilitated through ancient adaptive introgression of the
EPAS1 gene from Denisovans, which was later selected from standing genetic variation
(Huerta-Sánchez et al., 2014; Zhang et al., 2020). Recent low-cost sequencing technologies
that allow the retention of haplotype information will prove useful for studying the role of
introgression in local adaptation in other systems (Meier et al., 2020; Redmond et al., 2020).
Future studies in Heliconius could test for signatures of adaptive introgression from closely
related high-altitude specialist species, such as H. telesiphe, in genomic regions identified in
Chapter 4.

An increasing interest in the ecological and evolutionary mechanisms that may help organ-
isms cope with contemporary environmental change have led to a desire to incorporate the
landscape more explicitly into population genomics, giving rise to the field of ‘landscape
genomics’. Genotype environment associations (GEA) aim to identify loci associated with
specific environmental factors, with methods such as BayEnv2 which correct for population
structure (Günther and Coop, 2013). These methods can have high rates of false positives (Fri-
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chot et al., 2013), but could add interesting angles to our understanding of the genomic basis
of adaptation to high altitude in Heliconius and other systems. Given the differences between
microclimates measured in the field and the climatic grids interpolated from WorldClim2
(Chapter 3), careful consideration is required when choosing the environmental variables to
perform GEAs with.

6.4 Concluding remarks
Adaptation to altitude in Heliconius represents an exciting new branch of research for these,
otherwise well-known, Neotropical butterflies. By combining natural history observations
with experiments and large-scale whole-genome sequencing, I have found that butterflies
readily adapt to their local environment and that they do so in a more convergent fashion
than previously thought. At the phenotypic level, subtle heritable wing shape variation
across elevations and species may provide adaptation to high altitude, while plasticity in
thermal tolerance may allow some species to inhabit a wide range of environments. At the
genomic level, high levels of parallelism between clines connected via gene flow suggest
an important role of migration in providing the raw genetic material upon which selection
can act repeatedly, while parallelism across sides of the Andes in H. erato implies either
shared ancestral genetic variation or parallel de novo mutations driving convergent evolution.
The lack of parallelism between species both in high-altitude selection scans and wing shape
association studies, points towards functional redundancy in the genome, by which evolution
can take different courses during repeated adaptation to the environment. This research
provides much needed fundamental knowledge of the traits and genomic mechanisms that
allow species to colonise and succeed in new environments.
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(2017). Aerodynamic evaluation of wing shape and wing orientation in four butterfly
species using numerical simulations and a low-speed wind tunnel, and its implications for
the design of flying micro-robots. Interface Focus, 7(1):20160087.

Orteu, A. and Jiggins, C. D. (2020). The genomics of coloration provides insights into
adaptive evolution. Nature Reviews Genetics, 21(8):461–475.

Outomuro, D. and Johansson, F. (2017). A potential pitfall in studies of biological shape:
Does size matter? Journal of Animal Ecology.

Oziolor, E. M., Reid, N. M., Yair, S., Lee, K. M., VerPloeg, S. G., Bruns, P. C., Shaw, J. R.,
Whitehead, A., and Matson, C. W. (2019). Adaptive introgression enables evolutionary
rescue from extreme environmental pollution. Science, 364(6439):455–457.

Pan, B.-Y., Liu, Y.-K., Wu, H.-K., Pang, X.-Q., Wang, S.-G., Tang, B., and Xu, C.-D. (2020).
Role of phosphoglucomutase in regulating trehalose metabolism in Nilaparvata lugens. 3
Biotech, 10(2):61.

Papa, R., Kapan, D. D., Counterman, B. A., Maldonado, K., Lindstrom, D. P., Reed, R. D.,
Nijhout, H. F., Hrbek, T., and McMillan, W. O. (2013). Multi-allelic major effect genes
interact with minor effect QTLs to control adaptive color pattern variation in Heliconius
erato. PLoS One, 8(3):e57033.

Paradis, E. (2012). Analysis of Phylogenetics and Evolution with R: Second Edition.

Pardo-Diaz, C., Salazar, C., and Jiggins, C. D. (2015). Towards the identification of the loci
of adaptive evolution. Methods in Ecology and Evolution, 6(4):445–464.

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J. K., Thomas, C. D., Descimon, H., Huntley,
B., Kaila, L., Kullberg, J., Tammaru, T., Tennent, W. J., Thomas, J. A., and Warren, M.
(1999). Poleward shifts in geographical ranges of butterfly species associated with regional
warming. Nature, 399(6736):579–583.

Pass, G. (2018). Beyond aerodynamics: The critical roles of the circulatory and tracheal
systems in maintaining insect wing functionality. Arthropod Structure & Development,
47(4):391–407.

Paz, A. and Guarnizo, C. E. (2020). Environmental ranges estimated from species distribution
models are not good predictors of lizard and frog physiological tolerances. Evolutionary
Ecology, 34(1):89–99.



200 Bibliography

Picelli, S., Björklund, Å. K., Reinius, B., Sagasser, S., Winberg, G., and Sandberg, R. (2014).
Tn5 transposase and tagmentation procedures for massively scaled sequencing projects.
Genome research, 24(12):2033–2040.

Pimm, S. L. and Raven, P. (2000). Extinction by numbers. Nature, 403(6772):843–845.

Pincebourde, S. and Casas, J. (2015). Warming tolerance across insect ontogeny: Influence
of joint shifts in microclimates and thermal limits. Ecology, 96(4):986–997.

Pincebourde, S. and Suppo, C. (2016). The Vulnerability of Tropical Ectotherms to Warming
Is Modulated by the Microclimatic Heterogeneity. Integrative and Comparative Biology,
56(1):85–97.

Pincebourde, S. and Woods, H. A. (2020). There is plenty of room at the bottom: Micro-
climates drive insect vulnerability to climate change. Current Opinion in Insect Science,
41:63–70.

Pinheiro, J., Bates, D., DebRoy, S., and Sarkar, D. (2007). Nlme: Linear and Nonlinear
Mixed Effects Models. R Development Core Team.

Pitchers, W., Nye, J., Márquez, E. J., Kowalski, A., Dworkin, I., and Houle, D. (2019). A
Multivariate Genome-Wide Association Study of Wing Shape in Drosophila melanogaster.
Genetics, 211(4):1429–1447.

Pitchers, W., Pool, J. E., and Dworkin, I. (2013). Altitudinal clinal variation in wing size and
shape in African Drosophila melanogaster: One cline or many? Evolution: International
Journal of Organic Evolution, 67(2):438–452.

Polato, N. R., Gill, B. A., Shah, A. A., Gray, M. M., Casner, K. L., Barthelet, A., Messer,
P. W., Simmons, M. P., Guayasamin, J. M., Encalada, A. C., Kondratieff, B. C., Flecker,
A. S., Thomas, S. A., Ghalambor, C. K., Poff, N. L., Funk, W. C., and Zamudio, K. R.
(2018). Narrow thermal tolerance and low dispersal drive higher speciation in tropical
mountains. Proceedings of the National Academy of Sciences, 115(49):12471–12476.

Pool, J. E., Braun, D. T., and Lack, J. B. (2017). Parallel Evolution of Cold Tolerance within
Drosophila melanogaster. Molecular Biology and Evolution, 34(2):349–360.

Potter, K. A., Woods, H. A., and Pincebourde, S. (2013). Microclimatic challenges in global
change biology. Global Change Biology, 19(10):2932–2939.

Pritchard, J. K., Pickrell, J. K., and Coop, G. (2010). The Genetics of Human Adaptation:
Hard Sweeps, Soft Sweeps, and Polygenic Adaptation. Current Biology, 20(4):R208–
R215.

Provine, W. B. (2020). The Origins of Theoretical Population Genetics: With a New
Afterword. University of Chicago Press.

Pyrcz, T. W., Sattler, K., Lees, D. C., Beccaloni, G. W., Ferrer-Paris, J. R., Wojtusiak, J., and
Viloria, A. L. (2004). A brachypterous butterfly? Proceedings of the Royal Society of
London. Series B: Biological Sciences.



Bibliography 201

de Queiroz, A. and Ashton, K. G. (2004). The phylogeny of a species-level tendency:
Species heritability and possible deep origins of Bergmann’s rule in tetrapods. Evolution,
58(8):1674–1684.

R Development, C. T. (2011). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna. URL: http://www. R-project. org.

Rajora, O. P. (2019). Population Genomics: Concepts, Approaches and Applications.
Springer.

Rajpurohit, S., Parkash, R., and Ramniwas, S. (2008). Body melanization and its adaptive
role in thermoregulation and tolerance against desiccating conditions in drosophilids.
Entomological Research, 38(1):49–60.

Ravinet, M., Faria, R., Butlin, R., Galindo, J., Bierne, N., Rafajlović, M., Noor, M., Mehlig,
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Phenotypic divergence between closely related species has long interested biologists. Taxa that inhabit a range of environments

and have diverse natural histories can help understand how selection drives phenotypic divergence. In butterflies, wing color

patterns have been extensively studied but diversity in wing shape and size is less well understood. Here, we assess the relative

importance of phylogenetic relatedness, natural history, and habitat on shaping wing morphology in a large dataset of over 3500

individuals, representing 13 Heliconius species from across the Neotropics. We find that both larval and adult behavioral ecology

correlate with patterns of wing sexual dimorphism and adult size. Species with solitary larvae have larger adult males, in contrast

to gregarious Heliconius species, and indeed most Lepidoptera, where females are larger. Species in the pupal-mating clade are

smaller than those in the adult-mating clade. Interestingly, we find that high-altitude species tend to have rounder wings and, in

one of the two major Heliconius clades, are also bigger than their lowland relatives. Furthermore, within two widespread species,

we find that high-altitude populations also have rounder wings. Thus, we reveal novel adaptive wing morphological divergence

among Heliconius species beyond that imposed by natural selection on aposematic wing coloration.

KEY WORDS: Altitude, Heliconius, Lepidoptera, phenotypic divergence, sexual dimorphism, wing morphology.

Identifying the selective forces driving phenotypic divergence
among closely related species lies at the core of evolutionary bi-
ology research. Adaptive radiations, in which descendants from
a common ancestor rapidly fill a variety of niches, are ideal sys-
tems to investigate morphological divergence (Schluter 2000).
The study of adaptive radiations has revealed that evolution of-
ten comes up with similar solutions for similar problems at the
phenotypic and genetic levels (Losos 2010; Marques et al. 2019).
Speciose groups that have repeatedly and independently evolved
convergent adaptations to life-history strategies and environments
are good systems in which study selection drivers (Schluter 2000).
Nevertheless, adaptive phenotypic evolution is often complex and
multifaceted, with more than a single selective force in action
(Maia et al. 2016; Nosil et al. 2018). For example in birds, sex
differences in plumage coloration are driven by intraspecific sex-
ual selection, while natural selection drives sexes toward more

similar colorations (Dunn et al. 2015). Integrative approaches
that make use of tractable traits across well-resolved phyloge-
nies are needed to explore the selective forces driving phenotypic
evolution.

Butterfly wing coloration has been the focus of considerable
research effort and major strides have been made toward under-
standing how and when evolution leads to complex wing color
patterns, conferring aposematism, camouflage, or a mating ad-
vantage (Merrill et al. 2012; Chazot et al. 2016; Nadeau et al.
2016). The dazzling diversity of butterfly color patterns among
species has perhaps obscured the less conspicuous phenotypic di-
versity of wing shapes and sizes, which are more often regarded
as the result of sexual selection, flight trade-offs or developmental
constraints (Singer 1982; Allen et al. 2011), rather than drivers
of local adaptation and species diversification (Srygley 2004a;
Cespedes et al. 2015; Chazot et al. 2016). A recent review
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assessing the ecology of butterfly flight, identified habitat, preda-
tors, and sex-specific behaviors as the selection forces most likely
driving wing morphology variation, but highlighted the need for
further phylogenetic comparative studies that identify the adaptive
mechanisms shaping wings (Le Roy et al. 2019).

Differences in behavior between sexes have been identified
as one of the main drivers of wing aspect ratio and size sex-
ual dimorphism in insects (Rossato et al. 2018a; Le Roy et al.
2019). In butterflies, males tend to spend more time looking for
mates and patrolling territories, while females focus their en-
ergy on searching for suitable host plants for oviposition (Rossato
et al. 2018b). The same wing trait can be associated with dif-
ferent life history traits in each sex, resulting in sex-specific se-
lection pressures. For example, in the Nearctic butterfly Meli-
taea cinxia, wing aspect ratio only correlates with dispersal in
females, as males experience additional selection pressures that
counteract selection for dispersal wing phenotypes (Breuker et al.
2007). Sex-specific behaviors can impact wing aspect ratio and
size, but differences in life histories, even across closely related
species, could also have large impacts on the strength and di-
rection of these effects (Cespedes et al. 2015; Chazot et al.
2016).

Another important source of phenotypic variation in insect
wings is the physical environment they inhabit throughout their
range. Air pressure decreases with altitude, which in turn reduces
lift forces required for flight. To compensate for this, insects may
increase wing area relative to body size to reduce the velocity
necessary to sustain flight (Dudley 2002; Dillon et al. 2018). Wing
aspect ratio in Drosophila melanogaster has been observed to
vary adaptively across latitudes and altitudes, with wings getting
rounder and larger in montane habitats, possibly to maintain flight
function in lower air pressures (Stalker and Carson 1948; Pitchers
et al. 2012; Klepsatel et al. 2014).

In butterflies, high aspect ratios, that is, long and narrow
wings, reduce drag caused by wing tip vortices, thus lowering
the energy required for flight and promoting gliding for longer
distances (Le Roy et al. 2019). Variation in wing phenotypes
can occur at the microhabitat level, for example, Morpho butter-
fly clades in the understory have rounder wings than canopy-
specialist clades, presumably for increased maneuverability
(Chazot et al. 2016). An extreme case of environmental effects
on wing morphology can be found in Lepidoptera inhabiting the
windy, barren highlands of the Andes, where an interaction be-
tween behavioral sex differences and extreme climatic conditions
have led to flightlessness in females of several species (Pyrcz et al.
2004).

Heliconius is a genus of Neotropical butterflies that has
been studied for over two centuries with a well resolved phy-
logeny (Kozak et al. 2015, 2018). It represents a striking case of
Müllerian mimicry, with co-occurring subspecies sharing warn-

ing wing color patterns to avoid predators and leading to multi-
species mimicry rings across South America (Merrill et al. 2015).
Wing aspect ratio and size are part of the mimetic signal (Jones
et al. 2013; Mérot et al. 2016; Rossato et al. 2018a). Wing mor-
phology is involved in many aspects of Heliconius biology other
than mimicry, such as mating or flight mode, but these have been
less well studied (Rodrigues and Moreira 2004; Srygley 2004a;
Mendoza-Cuenca and MacÍas-Ordóñez 2010). As the only but-
terflies that pollen-feed, their long life-spans and enlarged brains
allow them to memorize foraging transects that are repeated daily
following a short dispersal post-emergence phase of up to 1.5 km
(Cook et al. 1976; Jiggins 2016).

Larval gregariousness has evolved independently three times
across the phylogeny, with some species laying clutches of up
to 200 eggs, while others lay eggs singly and larvae are often
cannibalistic (Beltrán et al. 2007). Gregarious Heliconius species
would be predicted to have larger sized females to carry the en-
larged egg load, as is the case with most Lepidoptera (Allen et al.
2011). Another striking life history trait is pupal-mating, which
is only found in one of the two major clades (hereafter the “erato
clade”), having arisen following the most basal split in the Heli-
conius phylogeny. This mating strategy involves males copulating
with females as they emerge from the pupal case (Deinert et al.
1994; Beltrán et al. 2007). Pupal-mating leads to a whole suite
of distinct selection pressures but these are hard to tease apart
from the effects of phylogeny due to its single origin (Beltrán
et al. 2007; Thurman et al. 2018). Further ecological differences
could arise from adaptation to altitude. Some species are relatively
high-altitude specialists, such as H. telesiphe and H. hierax found
above 1000 m, while others range widely, such as H. melpomene
and H. erato, which can be found from 0 to 1800 m above sea
level (Rosser et al. 2015; Jiggins 2016). Potential adaptations to
altitude are yet to be explored.

The wide range of environments that Heliconius species in-
habit, together with their diverse natural history and well-resolved
phylogeny, make them a good study system for teasing apart
the selective forces driving wing phenotype (Merrill et al. 2015;
Jiggins 2016). Here, we examine variation in wing aspect ratio and
size across 13 species that span most of the geographical range of
the Heliconius genus. First, we photographed thousands of wings
collected by many Heliconius researchers since the 1990s from
wild populations across South and Central America, covering a
2100 m elevation range (Fig. 1A). Wing dimensions for 3515 in-
dividuals, obtained with an automated pipeline and standardized
images, were then used to address the following questions. (1)
Are there size and aspect ratio sexual dimorphisms, and if so, do
they correlate with known life-history traits? (2) To what extent
are wing aspect ratio and size variation explained by shared ances-
try? (3) Are wing aspect ratio and size affected by the elevations
species inhabit?
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Figure 1. Localities and forewing measurements. (A) Map of exact locations (n = 313) across South America from where the samples
used for our analyses were collected. Points are colored by altitude. (B) Representative of a right forewing image of H. melpomene
malleti. (C) Measurements taken from each wing by fitting an ellipse with Fiji custom scripts.

Methods
STUDY COLLECTION

The wild specimens studied here were collected using hand nets
between 1998 and 2018 in 313 localities across Panama, Colom-
bia, Ecuador, French Guiana, Suriname, and Peru (Fig. 1A), and
stored in the Department of Zoology, University of Cambridge
(Earthcape database). Collection altitudes ranged from sea level
to 2100 m above sea level (Fig. 1A). Detached wings were pho-
tographed dorsally and ventrally with a DSLR camera with a
100 mm macro lens in standardized conditions. All the images
are available in the public repository Zenodo (https://zenodo.org/
communities/butterfly/) and full records with data are stored in
the EarthCape database (https://heliconius.ecdb.io).

WING MEASUREMENTS

Damage to wings was manually scored in all the images and dam-
aged specimens were excluded from our analyses. To obtain wing
measurements from the images, we developed custom scripts for
Fiji (Schindelin et al., 2012), to automatically crop, extract the
right or left forewing, and perform particle size analysis (Fig. 1B).
Butterflies predominantly use their forewings for flight (Wootton
1992; Le Roy et al. 2019) and hindwings tend to be more damaged
in Heliconius due to in-flight predation and fragile structure, thus
we only include forewings here. Forewing and hindwing areas are
tightly correlated in this genus (Strauss, 1990). For wing area, we
obtained total wing area (in mm2, hereafter “size”).

For examining wing aspect ratio, the custom scripts first fitted
an ellipse to the forewings and measured the length of the longest

axis and the length of the axis at 90° to the former (Fig. 1C).
Aspect ratio corresponds to the length of the major axis divided
by the length of the minor axis, hereafter “aspect ratio” (Fig. 1C).
Aspect ratio was used as a proxy of wing shape, as it has been
widely used in previous studies and correlates to gliding efficiency
(Le Roy et al. 2019). The data were checked for visual outliers
on scatter-plots, which were examined, and removed from the
analyses if the wing extraction pipeline had failed.

STATISTICAL ANALYSES

All analyses were run in R version 2.13 (R Development Core
Team 2011) and graphics were generated with the package
ggplot2 (Ginestet 2011). Packages are specified below. All R
scripts can be found in the public repository Zenodo (Zenodo:
https://doi.org/10.5281/zenodo.3491029), including custom Fiji
scripts for wing image analysis. Species and sexes mean trait val-
ues were calculated for the 13 Heliconius species in our study.
Each species had more than 30 individuals and all individuals
had accurate locality and altitude data (Table S1), resulting in a
dataset of 3515 individuals.

Sexual dimorphism across species
Sexual dimorphism in wing area and aspect ratio was estimated
as the female increase in mean wing area and aspect ratio with
respect to males, thus negative values represent larger trait values
in males, while positive values represent larger trait values in
females. Pairwise t-tests were used to estimate the significance of
sexual size/shape dimorphism in each species.
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We modeled variation in wing area and aspect ratio sexual
dimorphism across species with ordinary least squares (OLS) lin-
ear regressions, implemented in the ‘lm’ function. For models
of sexual wing area and aspect ratio sexual dimorphism, predic-
tor variables initially included larval gregariousness of the species
(gregarious or solitary, as classified in Beltrán et al. 2007), mating
strategy (pupal-mating vs. adult-mating clade), species mean wing
aspect ratio and area, and species wing aspect ratio or size sexual
dimorphism (respectively). Wing size sexual dimorphism had a
marginally significant phylogenetic signal (Abouheif Cmean =
0.25, P = 0.05), so we present the sexual size dimorphism model
incorporating phylogeny as correlation term in the Supporting
Information (Tables S3 and S4). We used backward selection
with Akaike Information Criterion corrected for small sample
sizes (AICc, Hurvich and Tsai 1989) where the best models had
the lowest AICc values, implemented with the package MuMin
(Bartón 2019). We report the overall variation explained by the
fitted linear models (R2) and the relative contributions of each
explanatory variable (partial R2), estimated with the package re-
laimpo (Grömping 2006).

Variation across species
To test whether variation in wing aspect ratio and area across
species was constrained by shared ancestry, we calculated the phy-
logenetic signal index Abouheif’s Cmean (Abouheif 1999), which
is an autocorrelation metric suitable for datasets with a relatively
low number of species and that does not infer an underlying evolu-
tionary model (Münkemüller et al. 2012). Observed and expected
distribution plots for phylogenetic signal estimates are shown in
the Supporting Information and were computed with the package
adephylo (Jombart and Dray 2010). We used a pruned tree with the
13 species under study from the most recent molecular Heliconius
phylogeny (Kozak et al., 2015). We plotted centered trait means
across the phylogeny with the function barplot.phylo4d() from the
package phylosignal (Keck et al. 2016). To test and visualize phy-
logenetic signal further, we built phylocorrelograms for each trait
with the function phyloCorrelogram() of the same package, which
estimates Moran’s I autocorrelation across matrices with varying
phylogenetic weights. Then, the degree of correlation (Morans’
I) in species trait values can be assessed as phylogenetic distance
increases (Keck et al. 2016).

To study variation in wing area and aspect ratio across
species, we took a phylogenetic comparative approach. These
methods assume that species-specific mean trait values are a good
representation of the true trait values of the species under study;
in other words, the within-species variation is negligible com-
pared to the across-species variation (Garamszegi 2014). To test
this, we first used an ANOVA approach, with species as a fac-
tor explaining the variation of mean trait values. We then esti-
mated within-species trait repeatability, or intraclass correlation

coefficient (ICC), with a linear mixed model approach. This re-
quires the grouping factor to be specified as a random effect, in
this case species, with a Gaussian distribution and 1000 para-
metric bootstraps to quantify uncertainty, implemented with the
function rptGaussian() in rptR package (Stoffel et al. 2017). By
specifying species as a random effect, the latter approach es-
timates the proportion of total trait variance accounted for by
differences between species. A trait with high repeatability indi-
cates that species-specific trait means are reliable estimates for
further analyses (Stoffel et al. 2017). We, nevertheless, accounted
for within-species variation in the models described below.

To test the effect of altitude on wing aspect ratio and size
across species, we used a phylogenetic generalized least squares
(PGLS) approach. Species wing trait means may be correlated due
to shared ancestry (Freckleton et al. 2002; Chazot et al. 2016).
Therefore, to explore the effects of the environment on the traits
under study, models that incorporate expected correlation between
species are required, such as PGLS. Although often ignored, these
models assume the presence of phylogenetic signal on the model
residuals of the trait under study (here wing aspect ratio or size)
controlling for covariates that affect the trait mean (allometry, sex
ratio), and not just phylogenetic signal on the species mean trait
values (Revell 2010; Garamszegi 2014). Thus, to check if this as-
sumption was met, we estimated phylogenetic signal as described
above (Keck et al. 2016) for the residuals of a generalized least
squares (GLS) of models that had wing aspect ratio or size as
response variables, and the size and aspect ratio (respectively)
and sex ratio as explanatory variables, to ensure this assumption
of PGLS model was met. To visually inspect phylogenetic sinal
on the residuals, we obtained phylogenetic correlograms for these
and centered trait residuals for plotting across the phylogeny as
detailed above for trait means (presented in the Figs. S3 and S4;
Keck et al. 2016).

Significant phylogenetic signal was detected in mean wing
size and in the residuals of both traits, wing aspect ratio, and area
regression models ( Figs. S4 and S5), so we used maximum log-
likelihood PGLS regression models with the phylogenetic corre-
lation fitted as a correlation term, implemented with the gls() func-
tion from the nmle package (Pinheiro et al. 2007). We assumed a
Brownian motion model of trait evolution for both traits, by which
variation across species accumulated along all the branches at a
rate proportional to the length of the branches (Freckleton et al.
2002). To select the most supported model given the available data,
that is, one that improves model fit while penalizing complexity,
we used the Aikaike Information Criteria corrected for small
sample sizes (AICc, Hurvich and Tsai 1989), where the best mod-
els had the lowest AICc values, implemented with the package
MuMin (Bartón 2019). Maximal PGLS models included species
mean altitude and distance from the Equator (to control for po-
tential latitudinal clines), sex ratio in our samples interacting with
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either wing aspect ratio or wing size, to control for potential
allometric and sexual dimorphism relationships, which could be
different among closely related taxa (Outomuro and Johansson
2017). Most species are found in the Andean mountains or the
Amazonian region near the Equator, so we did not have much
power to examine variation with latitude in wing aspect ratio and
size across species, but we included distance from the Equator
as an explanatory variable in the PGLS models to account for
it. Minimal PGLS models consisted of the trait under study
explained solely by its intercept, without any fixed effects. All
model selection tables can be found in the Supporting Information
(Tables S3 and S5). Finally, we weighted PGLS regressions to
account for unequal trait variances and unbalanced sample sizes
across species (for sample sizes and standard errors of species’
trait means see Table S1). This was achieved by modifying the
error structure of the model with combined variances obtained
with the function varFixed() and specified with the argument
“weights” (Pinheiro et al. 2007; Paradis 2012; Garamszegi 2014).
In this study, 74.8% of the individuals were collected in the last
10 years, thus we did not have power to detect any changes in
wing morphology across species potentially incurred by climate
change (Fig. S1). Future studies could focus on temporal changes
in wing morphology in areas and species that have been well
sampled throughout the years.

Variation within species
We selected the two most abundant and geographically
widespread species within our dataset, H. erato (n = 1685) and
H. melpomene (n = 912; Table S1), to examine variation in wing
area and aspect ratio within species. We modeled variation in
size and aspect ratio with ordinary least squares (OLS) linear
regressions for each species, implemented in the ‘lm’ function.
For all models, predictor variables initially included the terms
altitude, distance from the Equator, longitude, aspect ratio or
wing area, and sex, as well as the plausible interactions between
them (Table S5). We then used step backward and forward
selection based on AIC with the function stepAIC(), from the
MASS package (Ripley, 2011; Zhang, 2016; full models and
model selection tables in Tables S5 and S6).

Results
We obtained intact-wing measurements for 3515 individuals of
13 Heliconius species from across the phylogeny and from over
350 localities (Fig. 1; Table S1). We have made all of these wing
images publicly available at the Zenodo repository.

SEXUAL DIMORPHISM

Sexual dimorphism in wing area was found throughout the phy-
logeny, but in opposing directions in different species (Fig. 2).

Mean sizes were significantly or marginally significantly differ-
ent among sexes in nine species, all of which were represented by
more than 40 individuals (Table S2 for two sample T-test sum-
mary statistics), indicating that the nonsignificant trends in other
species probably reflect a lack of power caused by low numbers
of females typically collected in the wild (Table S1). The six
species with trends toward larger females have gregarious larvae
(pink, Fig. 2), whereas the seven species with trends toward larger
males lay eggs individually (black, Fig. 2). Larval gregariousness
alone explained 69% of the total natural variation in sexual size
dimorphism across species (Table 1; Gaussian LM: F1,11 = 27.2,
P < 0.001, R2 = 0.69). There was a marginally significant phy-
logenetic signal in sexual size dimorphism (Abouheif’s Cmean =
0.24, P = 0.05; Fig. S3), so we repeated the analysis accounting
for phylogeny and the results are presented in the Supporting In-
formation. This would be expected from the evolutionary history
of gregariousness, as it is present in all species of three lineages
that are well represented in our study (Beltrán et al. 2007). How-
ever, when accounting for phylogenetic correlation in the model
larval gregariousness remained a significant predictor of size sex-
ual dimorphism (Table S4).

Sexual dimorphism in wing aspect ratio was found in
three species (Fig. S4), H. erato and H. wallacei had longer
winged males whereas the high-altitude specialist H. eleuchia
had longer winged females (Table S2, T-test, H. erato: t843 =
10.4, P < 0.0001, H. eleuchia: t49 = –2.3, P < 0.05, H. wallacei:
t19 = 2.2, P < 0.05). Wing aspect ratio sexual dimorphism across
species could not be explained with the variables here studied and
had no phylogenetic signal (Abouheif’s Cmean = –0.02, P = 0.3;
Fig. S3).

PHYLOGENETIC SIGNAL

The 13 Heliconius species studied differed significantly in wing
area and aspect ratio (ANOVA, aspect ratio: F12, 3502 = 228.4,
P < 0.0001, area: F12, 3502 = 216.4, P < 0.0001; Tukey-adjusted
comparisons Fig. S2). We estimated within-species trait repeata-
bility to assess their reliability as species mean estimates for
phylogenetic analyses. Wing aspect ratio had higher intra-class
repeatability than wing area, with 74% and 48% of the total aspect
ratio and size variance explained by differences between species,
respectively (aspect ratio: R = 0.74, SE = 0.09, P < 0.0001;
size: R = 0.48, SE = 0.1, P < 0.0001). We estimated intraclass
repeatability for males and females separately to remove the
potential effect of size sexual dimorphism on trait variation, and
male size repeatability remained much lower than male wing
aspect ratio repeatability (male aspect ratio: R = 0.75, SE =
0.08, P < 0.0001; male size: R = 0.53, SE = 0.1, P < 0.0001).
Females had the same wing aspect ratio repeatability as males,
whereas wing size repeatability was lower for females probably
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Figure 2. Sexual wing area dimorphism across species and the phylogeny. (A) Wing size differences between males (grey) and females
(white) of the seven single egg-laying species and (B) the six gregarious species in this study. Error bars represent 95% confidence
intervals of the means. Stars represent significance levels of two sample t-tests between female and male wing areas for each species
(•<0.1, ∗

< 0.05, ∗∗
<0.01, ∗∗∗

<0.001); for full t-tests output, see Table S1. (C) Bar plot represents sexual size dimorphism calculated as
percentage difference in female versus male size (positive means bigger females, right panel). Species with gregarious larvae are colored
in pink, and those with solitary larvae are colored in black.

due to smaller sample sizes (Female aspect ratio: R = 0.75, SE =
0.05, P < 0.0001; female size: R = 0.44, SE = 0.1, P < 0.0001).

Mean wing aspect ratio showed no phylogenetic signal
(Abouheif’s Cmean = 0.15, P = 0.1; Figs. S3 and S5B); in
other words, closely related species were not more similar to each
other than to distant ones. In contrast, mean wing area showed a
strong phylogenetic signal, by which phylogenetically closely re-
lated species were more likely to have similar wing areas (Fig. 3,
Abouheif’s Cmean = 0.33, P = 0.01; Figs. S3 and S6A and B).
Wing areas of species in the melpomene clade were on average
14.8% larger than those of species in the erato clade, with H.
timareta being 64% larger than H. sara (Fig. 3, H. timareta: mean
= 606.6 mm2, SE = 3.1; H. sara: mean = 387 mm2, SE = 2.9).
Nevertheless, when controlling for sex ratios and allometry on
the traits under study, wing aspect ratio and size, the residuals

of both traits show a strong phylogenetic signal (Figs. S5 and
S6A and C; aspect ratio residuals: Abouheif’s Cmean = 0.42,
P < 0.001; Fig. S3A and C; size residuals: Abouheif’s Cmean =
0.44, P < 0.001). These results support the use of phylogenetic
models to study variation in wing aspect ratio and size across
species.

PATTERNS ACROSS SPECIES AND ALTITUDES

Species mean altitude had an effect on wing area and aspect ratio
(Table 1). Species wings got rounder, that is, lower aspect ratios,
with increasing altitudes both when accounting for fixed effects
and the phylogeny (Table 1; for full model, see Table S4). These
patterns were also evident when examining raw mean wing aspect
ratios (Fig. 4A, Gaussian LM: F1, 9 = 5.37, P < 0.05, R2 = 0.30),
except in the H. telesiphe and H. clysonymus highlands clade,
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Figure 3. Male wing area differences across the phylogeny. (A) Bar plot represents centered mean wing area per species (positive values
represent species with bigger wings than the average Heliconius wing). Wing area, x-axis, is the difference in wing area from the mean
(in mm2). Error bars represent standard errors. The star represents the origin of pupal-mating. Species from the erato clade are in blue,
and those from the melpomene clade are in orange. (B) Representatives of H. timareta and H. sara closest to the mean wing area of the
species are shown (606.25 and 386.6 mm2, respectively). (C) Images from (B) superimposed to compare visually the mean size difference
between the two species.

which showed significant phylogenetic autocorrelation (Moran’s
I index: H. clysonymus 0.53, H. telesiphe 0.49). Species wings
got larger with elevation (Table 1; for full model, see Table S4).
Without accounting for phylogeny or any fixed effect this is only
evident in the erato clade, where high altitude species were bigger
than their lowland sister species (Fig. 4B, blue, Gaussian LM:
F1,10 = 17.1, R2 = 0.80, P = 0.03). However, when assessing
individuals from all species together, it becomes clear that larger
individuals of both clades tend to be found at higher altitudes
(Fig. S8). Both wing size and wing aspect ratio were also signifi-
cantly correlated with distance from the Equator, and wing aspect
ratio was affected by species sex ratio too (Table S4).

PATTERNS WITHIN SPECIES AND ACROSS ALTITUDES

Wings got rounder (lower aspect ratio) with increasing altitude
in H. erato and H. melpomene (Fig. 5, H. erato: Gaussian LM:
F6, 1296 = 32.7, P < 0.001, R2 = 0.13; H. melpomene: Gaussian
LM: F6, 673 = 20.1, P < 0.001, R2 = 0.14). Individual altitude
was the strongest predictor of wing aspect ratio for both species,

with sex and wing area being second best in H. erato and H.
melpomene, respectively (Table S6 and Fig. S13A and B; Fig. 5).
Conversely, the relative importance of explanatory variables of
wing area varied for each species (Table S6 and Fig. S13A and
B; Fig. 5), and the H. erato model explained less of the over-
all variation in wing area (Fig. S11, H. erato: Gaussian LM:
F7,1295 = 9.36, P < 0.001, R2 = 0.04, H. melpomene: Gaussian
LM: F7, 672 = 23.06, P < 0.001, R2 = 0.18). Wing area in H.
erato was correlated with allometric factors interacting with al-
titude, whereas wing area in H. melpomene was correlated with
distance from the Equator (Table S6 and Figs. S10 and S13C
and D). Wing area and aspect ratio differed among co-mimicking
races of H. erato and H. melpomene, despite inhabiting the same
geographic areas (Fig. S12).

Discussion
The fascination for butterfly wing coloration has stimulated many
generations of research and Heliconius wing patterns have proven
to be excellent study systems for understanding evolution and
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Figure 4. Species variation in wing aspect ratio (A) and wing area (B). Plots show the effect of altitude (meters above sea level) on
wing aspect ratio (major axis/minor axis, higher values represent longer wings) and wing area (mm2). Points represent species mean raw
values per species. Horizontal and vertical lines show standard error for species mean altitude and mean trait, respectively. Lines show
best linear fit and are colored by clade when clade was a significant predictor (blue: erato clade, orange: melpomene clade). Shaded areas
show confidence bands at 1 standard error. The point labels correspond to the first three characters of the following Heliconius species:
H. telesiphe, H. clysonymus, H. erato, H. eleuchia, H. sara, H. doris, H. xanthocles, H. hierax, amH. wallacei, H. numata, H. melpomene, H.
timareta, and H. cydno. Two species, H. telesiphe and H. clysonymus, showed high levels of phylogenetic autocorrelation (Fig. S7) and
were thus excluded from the linear model plotted (but not from the main analyses where phylogeny is accounted for).

Figure 5. Within-species variation in wing aspect ratio across altitudes in H. erato (blue) and H. melpomene (orange), females (triangles,
dotted line) and males (circles, solid line). Lines show best linear fit and are colored by species. Shaded areas show confidence bands at 1
standard error. Pearson correlation coefficients and P-values are shown for each regression plotted. (•<0.1, ∗

< 0.05, ∗∗
<0.01, ∗∗∗

<0.001).
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speciation. Here, we have extended this research by examining
wing shape and size variation among more than 3500 individual
butterflies, across sexes, clades, and altitudes in 13 species of
Heliconius butterflies. We have shown that a large proportion
of female biased sexual size dimorphism can be explained by the
evolution of larval gregariousness, and that male biased sexual size
dimorphism is present only in species that lay eggs individually,
regardless of their mating strategy. For the first time in this system,
we describe wing morphological variation across environmental
clines, with species and populations found at higher altitudes
consistently having rounder wings. Here, we demonstrate that
Heliconius wing area and aspect ratio are potentially shaped by a
plethora of behavioral and environmental selection pressures, in
addition to those imposed by Müllerian mimicry.

WING ASPECT RATIO VARIATION

Wing aspect ratio in butterflies and other flying animals deter-
mines flight mode and speed (Farney and Fleharty 1969; Buler
et al. 2017), and is therefore predicted to vary with life-history
requirements across sexes and species. Despite being a simple
descriptor of wing shape, aspect ratio has been demonstrated to
correlate functionally with gliding efficiency in butterflies by in-
creasing lift-to-drag ratios (Ortega Ancel et al. 2017; Le Roy
et al. 2019). Long wings are generally associated with faster glid-
ing flying, whereas round wings with low aspect ratio values favor
slow but more maneuverable flight motions (Betts and Wootton
1988; Chai and Srygley 1990; Chazot et al. 2016; Le Roy et al.
2019). For instance, monarch butterfly populations with longer
migrations have more elongated wings than resident populations
(Satterfield and Davis 2014), and males of Morpho species that
dwell in the canopy also have higher aspect ratios to glide faster
through open areas (DeVries et al. 2010). In contrast, female
Morpho butterflies tend to have rounder wings, and aspect ratio
sex differences are stronger in species with colour dimorphism,
as varying crypsis may require specific flight behaviors (Chazot
et al. 2016).

Heliconius are not notoriously sexually dimorphic especially
when compared to other butterflies such as Morpho (Chazot et al.
2016; Jiggins 2016). However, there are important behavioral dif-
ferences between the sexes. Females are thought to have different
flight habits, as they spend much of their time looking for specific
host plants for oviposition (Dell’Aglio et al. 2016), or precisely
laying eggs on suitable plants, while males tend to patrol open
areas searching for receptive females and visit flowers more of-
ten (Joron 2005; Jiggins 2016). Thus, it might be predicted that
females should have lower aspect ratios, that is, rounder wings,
than males (Jones et al. 2013). However, we only found three
species with significant, but opposing, sexually dimorphic wing
aspect ratios. The wings of males in H. erato were longer than
the wings in females, whereas male H. eleuchia and H. wallacei
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had rounder wings than those of females (Fig. S3). Heliconius
wing shape sex differences may require multivariate descriptors
of wing morphology and/or analysis of the hindwings, which pos-
sess the pheromone-dispersing androconial patch in males (Jones
et al. 2013; Mérot et al. 2013, 2016). In addition, the relatively
low collection numbers of female Heliconius could hinder the
detection of subtle wing aspect ratio differences across the sexes.

Sexual selection has long been known to affect wing color
pattern in Heliconius, as it is used for mate recognition and choice
(Merrill et al. 2012). More recently, wing aspect ratio has been
shown to be part of the mimetic warning signal in Heliconius and
their co-mimics (Jones et al. 2013), as it determines flight motion
and defines the overall appearance of the butterfly (Srygley 1994,
2004a). For instance, wing aspect ratios between two different
morphs of H. numata differed consistently across their overlap-
ping ranges, in parallel with their respective and distantly related
Melinea co-mimics (Jones et al. 2013). Within-morph wing as-
pect ratio variation was observed across the altitudinal range of
H. timareta in Peru (Mérot et al. 2016), and in the Heliconius
postman mimicry ring in Brazil significant across-species wing
aspect ratio differences were also found (Rossato et al. 2018a).
These studies highlight that while it is clear that color pattern
and, to some extent, flight are important for mimicry in Helico-
nius, wing aspect ratio is also subject to other selection pressures
(Mérot et al. 2016; Rossato et al. 2018b).

We found that species inhabiting higher altitudes tend to have
rounder wings, after accounting for phylogeny, sample size, and
intraspecific variance (Fig. 4A), except in the H. telesiphe–H.
clysonymus clade. The latter species may require morphometric
analyses of wing tip shape alone, as the overall wing morphology
differs significantly from the rest of the Heliconius species here
studied (Fig. S7). Interestingly, these patterns were maintained
within-species, with high-altitude populations of H. erato and H.
melpomene having lower aspect ratios (Fig. 5). Furthermore, al-
titude was the best predictor of wing aspect ratio in both species
(Fig. S13). Rounder wings aid maneuverability and are associated
with slower flight in butterflies (Berwaerts et al. 2002; Le Roy
et al. 2019) and slower flights are generally associated with a de-
crease in ambient temperature (Gilchrist et al. 2000). In addition,
air pressure, which directly reduces lift forces required to offset
body weight during flight (Dillon 2006), decreases approximately
12% across the mean altitudinal range of the species here stud-
ied. Thus, the rounder wings in high altitude Heliconius species
and populations may aid flying in dense cloud forests, where in-
creased maneuverability could be beneficial, or compensating for
lower air pressure at higher altitude.

WING AREA VARIATION

Wing area showed significant sexual dimorphism in more than
half of the species studied here, but some species had larger males

and others larger females (Fig. 2). In most butterflies, females are
overall larger than males, presumably because fecundity gains of
increased body size are greater for females (Allen et al. 2011).
Larger wings are required to carry larger and heavier bodies, and
so Lepidoptera females also tend to have larger wings (Allen
et al. 2011; Le Roy et al. 2019). Indeed, in this study, the Helico-
nius species with larger-winged females were those that lay eggs
in large clutches and that have highly gregarious larvae (Fig. 2,
Beltrán et al. 2007). A recent study on two species not included
here reported wing size dimorphism with larger females in the gre-
garious H. eratosignis ucayalensis and larger males in the single-
egg layer H. demeter joroni (Rosser et al. 2019). Thus, females of
these species are likely investing more resources in fecundity than
males, which leads to larger body and wing sizes that allow them
to carry and lay eggs in clutches throughout adulthood. Larval de-
velopment time correlates with adult size in H. erato (Rodrigues
and Moreira 2002) and growth rates seem to be the same across
sexes, at least in the gregarious H. charithonia (Kemp 2019), so
we hypothesize that females take longer to develop in gregarious
species. Selection for larger females is generally constrained by a
trade-off between the benefits of increased fecundity at the adult
stage and the higher predation risk at the larval stage associated
with longer development times (Allen et al. 2011). This constraint
might be alleviated in the unpalatable larvae of Heliconius, as big-
ger larval and adult size could increase the strength of the warning
toxic signal to predators (Jiggins 2016).

An extensive survey identified that only six percent of lepi-
dopteran species exhibit male-biased sexual size dimorphism, and
that these patterns were generally explained by male-male com-
petition (i.e., intrasexual selection), in which larger males had a
competitive advantage (Stillwell et al. 2010; Allen et al. 2011). In
contrast, nearly half of the Heliconius species studied here have
male-biased sexual size dimorphism, and all of these lay eggs indi-
vidually and have solitary larvae (Fig. 2). Male-male competition
is high for Heliconius species, as females rarely re-mate despite
their very long reproductive life-spans (Merrill et al. 2015). In ad-
dition, large reproductive investments in the form of nuptial gifts
from males can, in principle, explain male-biased sexual size
dimorphisms, as is the case in the polyandrous butterfly Pieris
napi whose male spermatophore contains the amount of nitrogen
equivalent to 70 eggs (Karlsson 1998; Allen et al. 2011). Male He-
liconius spermatophores are not only nutrient-rich, but also loaded
with anti-aphrodisiac pheromones that prevent re-mating of fer-
tilized females (Schulz et al. 2008; Merrill et al. 2015). Therefore,
it seems likely that in species that lay eggs individually, sexual
selection favoring larger males exceeds selection pressures for the
large female size needed to carry multiple mature eggs. To our
knowledge, Heliconius is the first example of a butterfly genus in
which both female- and male-biased size dimorphism are found
and can be explained by contrasting reproductive strategies.
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We found a strong phylogenetic signal for wing area, with
species from the erato clade being on average 12% smaller than
those in the melpomene clade (Fig. 3). There are many ecological
factors that could explain this pattern, and all could have con-
tributing effects that are hard to disentangle (Fig. 3). First, the
erato clade is characterized by facultative pupal-mating (Beltrán
et al. 2007; Jiggins 2016), by which males fight for pupae, guard
them, and mate with females as they are emerging from the pupal
case (Deinert et al. 1994; Jiggins 2016). Smaller males have been
shown to outcompete others for a spot on the female pupal case
and more successfully inseminate emerging females compared
to larger, less agile males (Deinert et al. 1994), which would re-
move the potential choice of females for larger males. Second,
pupal-mating seems to have far-reaching impacts on species life-
histories (Boggs 1981). Species in the melpomene or adult-mating
clade are polyandrous, which leads to selection favoring large
spermatophores (Boggs 1981) to provide mated females with
abundant nutritional resources and defenses that prevent them
from re-mating with other males (Cardoso et al. 2009; Cardoso
and Silva 2015). This could decrease selection pressure for larger
males in the pupal-mating clade, as nuptial gifts need not be so
large or nutrient/defense rich, leading to smaller male and female
offspring. However, the single origin of pupal-mating in Helico-
nius (Fig. 2) makes it challenging to infer the impacts of this mat-
ing strategy on wing morphology, as the behavior is confounded
by phylogeny.

Wing area across species positively correlated with altitude
in the erato clade (Fig. 4B), but no clear pattern was found for
the melpomene clade species here studied. In contrast, wing area
variation within-species (H. erato and H. melpomene) was more
correlated with geography (distance to Equator, longitude) and al-
lometry than with altitude (Fig. S10). Nevertheless, high-altitude
populations of H. melpomene were slightly bigger than their low-
land conspecifics, whereas H. erato did not change (Fig. S13).
Two major environmental factors are known to affect insect size
across altitudinal clines. One is temperature, such that at lower
temperatures, development times are longer and insects grow
larger (Chown and Gaston 2010). This perhaps explains cases
of Bergmann’s rule among ectotherms, where larger species are
found in colder climates (Shelomi 2012; Classen et al. 2017). In
the geographical range here studied (Fig. 1), we predict temper-
atures to vary more dramatically along elevation gradients than
latitudinal gradients (Garcı́a-Robledo et al. 2016). We found some
evidence for species being bigger with increasing latitudes when
accounting for phylogeny and allometry (Table S4), in accor-
dance with Bergmann’s rule, but more species at the extremes of
the ranges are needed to clarify this (Fig. S7).

Wing beat frequency tends to be lower at low temperatures,
so larger wings are required to compensate and gain the extra lift
required for flight, as seen in Drosophila robusta (Azevedo et al.

1998; Dillon 2006). A second factor likely to contribute to altitude
related differences in wing area is air pressure changes and the
correlated lower oxygen availability, which affects flight motion
and kinematics as well as many physiological processes. High-
altitude insects can minimize the impacts of lower air pressure by
having larger wings, because this lowers the velocity required to
induce flight (Dudley 2002).

HERITABILITY

Our study demonstrates that multiple selective forces may be
affecting Heliconius wing area and aspect ratio. However, this
raises the question of how plastic these traits are in the wild. In
Drosophila, the genetic architecture of wing aspect ratio appears
to be complex (Gilchrist and Partridge 2001), and is independent
of that of wing area (Carreira et al. 2011). Within-species vari-
ability of wing area halved when flies were reared in controlled
conditions compared to wild populations whereas wing shape
variability remained the same, but both traits had a detectable and
strong heritable component (Bitner-Mathé and Klaczko 1999). In
this study, we found that 74% of the variation in wing aspect ratio
could be explained by species identity, in contrast to 48% of the
variation in wing area. This high and moderate intraclass repeata-
bility is indicative of heritable traits (Nakagawa and Schielzeth
2013). The fact that closely related species are more likely to
have similar wing morphologies, that is, phylogenetic signal, is
also indicative of species-level heritability (Queiroz and Ashton
2004).

In insects, wing shape is functionally more constrained than
wing size. For example, genetic manipulations of wing shape in
Drosophila melanogaster have shown that even subtle changes
can have huge biomechanic impacts (Ray et al. 2016), whereas
wing/body size differences may impact fecundity more than sur-
vival. Here, we find size differences between sexes that can be
explained by reproductive strategy, and are likely to be genetically
controlled as most sexual dimorphisms are (Allen et al. 2011).The
patterns of variation in size across altitudes or latitudes are often
not due to phenotypic plasticity alone, as many studies have shown
their retention when populations are reared in common-garden
conditions (Chown and Gaston 2010). In Monarch butterflies, for
example, common-garden reared individuals from wild popula-
tions that had different migratory habits showed a strong genetic
component for both wing aspect ratio and size (Altizer and Davis
2010).

We have shown that different selection pressures may be
shaping the evolution of wing morphology in Heliconius and
that the strength of these varies across sexes and environmental
clines. Interestingly some of these patterns are maintained at the
intraspecific level, with high-altitude populations of H. erato and
H. melpomene having rounder wings (Fig. 5), thus potentially
adapting locally to the environment in the same way that species
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of this genus have adapted to altitude over longer evolutionary
timescales (Fig. 4). Future work should assess the adaptive sig-
nificance, plasticity, and heritability of these traits with common-
garden rearing and physiological assays in controlled conditions.

Conclusions
Here, we have demonstrated how an understanding of natural and
evolutionary history can help to disentangle the putative agents
of selection on an adaptive trait. Wing trait differences across
sexes, clades, and environments give insight into the selective
forces driving phenotypic divergence in Heliconius, beyond the
effects of natural selection imposed by Müllerian mimicry. Our
study highlights the complexity of selection pressures affecting
seemingly simple traits and the need for a thorough understanding
of life history differences amongst species.
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Microclimate buffering and thermal tolerance across elevations
in a tropical butterfly
Gabriela Montejo-Kovacevich1,*, Simon H. Martin1,2, Joana I. Meier1,3, Caroline N. Bacquet4, Monica Monllor1,
Chris D. Jiggins1 and Nicola J. Nadeau5

ABSTRACT
Microclimatic variability in tropical forests plays a key role in shaping
species distributions and their ability to cope with environmental
change, especially for ectotherms. Nonetheless, currently available
climatic datasets lack data from the forest interior and, furthermore,
our knowledge of thermal tolerance among tropical ectotherms is
limited. We therefore studied natural variation in the microclimate
experienced by tropical butterflies in the genus Heliconius
across their Andean range in a single year. We found that the forest
strongly buffers temperature and humidity in the understorey,
especially in the lowlands, where temperatures are more extreme.
There were systematic differences between our yearly records and
macroclimate databases (WorldClim2), with lower interpolated
minimum temperatures and maximum temperatures higher than
expected. We then assessed thermal tolerance of 10 Heliconius
butterfly species in the wild and found that populations at high
elevations had significantly lower heat tolerance than those at lower
elevations. However, when we reared populations of the widespread
H. erato from high and low elevations in a common-garden
environment, the difference in heat tolerance across elevations was
reduced, indicating plasticity in this trait. Microclimate buffering is not
currently captured in publicly available datasets, but could be crucial
for enabling upland shifting of species sensitive to heat such as
highland Heliconius. Plasticity in thermal tolerance may alleviate the
effects of global warming on some widespread ectotherm species,
but more research is needed to understand the long-term
consequences of plasticity on populations and species.

KEY WORDS: WorldClim, Altitude, Thermal tolerance, Heliconius,
Climate change, Temperature, Lepidoptera

INTRODUCTION
Land use and climate change are forcing organisms in the
Anthropocene to move, adapt or die (Dirzo et al., 2014). But
moving in an increasingly fragmented landscape or adapting to an
ever-changing climate might be difficult for organisms usually

exposed to a narrow range of environmental conditions. Organisms
restricted to stable climates or with limited dispersal abilities have
been predicted to be at particular risk of extinction (Bestion et al.,
2015; Kingsolver et al., 2013). Despite tropical ectotherms making
up half of the animal species described, our knowledge of their
potential to cope with high temperatures in natural settings is
limited, especially along elevational clines (García-Robledo et al.,
2016; Sheldon, 2019). We therefore need a better understanding
of the ability of ectotherms to cope with temperatures across
elevations and of the climate buffering potential of tropical forests
(García-Robledo et al., 2016; Sheldon, 2019).

Since the 1960s, the notion that ‘mountain passes are higher in the
tropics’ (Janzen, 1967) has inspired generations of ecological and
evolutionary research. Janzen’s ‘seasonality hypothesis’ predicts that
the reduced seasonality in the tropics selects for narrower thermal
tolerances than in temperate zones, which would in turn limit their
dispersal across elevations (Angilletta, 2009; Nadeau et al., 2017;
Sheldon et al., 2018). Subsequent empirical studies have shown that
thermal breadth of insects is indeed higher in temperate zones, where
seasonality is stronger than in the tropics (Deutsch et al., 2008; Shah
et al., 2018). Furthermore, the great level of specialisation of tropical
montane species, reflected by high levels of endemism and beta
diversity at high altitudes, may highlight further temperature
specificity, and therefore susceptibility to the effects of global
warming (Polato et al., 2018; Sheldon, 2019). However, in the face
of climate and land-use change in lowland habitats, mountains can
act as refugia. Some vulnerable lowland organisms are already
shifting their ranges upward (Lawler et al., 2013; Morueta-Holme
et al., 2015; Scriven et al., 2015), thus it is critical to ascertain the
potential of ectotherms to overcome the physiological barriers that
mountains pose.

Janzen’s hypothesis has often been tested at the macroecological
scale and with interpolated data from weather stations, assuming that
tropical ectotherms live at ambient air temperature (Pincebourde and
Suppo, 2016). However, this ignores the microclimate differences
most relevant to organisms inhabiting tropical forests (Potter et al.,
2013). Tropical forests are very heterogeneous habitats with a
particularly steep vertical climatic gradient, such that the understorey
is often more than 2°C cooler than the canopy and spans an 11%
difference in relative humidity (Scheffers et al., 2013). This
complexity is not fully captured by interpolated datasets often used
in ecological modelling (e.g. WorldClim2; Fick and Hijmans, 2017),
with mean temperatures in some cases overestimated by 1.5°C
(Blonder et al., 2018; Kearney and Porter, 2009; Storlie et al.,
2014). Thus, the biological relevance of studies in the tropics using
weather station data is limited, as they are positioned specifically to
minimise habitat characteristics that can be crucial in determining
the thermal tolerance of local organisms (De Frenne and Verheyen,
2016; Jucker et al., 2018; Senior et al., 2017). These biases could
become even more pronounced at higher elevations, where weatherReceived 19 December 2019; Accepted 2 March 2020
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stations are very sparse in the tropics (Fick and Hijmans, 2017;
Paz and Guarnizo, 2019).
Extreme climatic events and increased daily climatic ranges may

bemore important determinants of the biological responses to climate
change than temperature mean alone (Sheldon and Dillon, 2016).
However, microclimates can buffer ambient temperatures and might
act as refugia against such extremes (Jucker et al., 2020). This
buffering could facilitate elevational shifts upwards, which could, in
turn, lead to species becomingmore arboreal in the cooler canopies of
mountainous forests (Scheffers et al., 2014). However, highly mobile
ectotherms such as flying insects often need to reach food sources
hundreds of metres apart and across different forest layers, such that
behavioural bufferingmight not be possible. Furthermore, ectotherms
can have vastly different ecologies through different life stages, both
in the microclimates of the forest they inhabit and in their ability to
cope with thermal extremes (Klockmann et al., 2017; MacLean et al.,
2016; Pincebourde and Casas, 2015; Steigenga and Fischer, 2009).
Therefore, the fate of ectotherms in tropical forests will depend
largely on their own thermal tolerances, as well as on the availability
of local climate refugia that buffer against extreme temperatures
(Nowakowski et al., 2018; Pincebourde and Casas, 2015; Scheffers
et al., 2014).
Plasticity and evolutionary potential in thermal tolerance could

help ectotherms cope with human-induced climate and habitat
change (Hoffmann and Sgrò, 2011). Tropical species are predicted
to have evolved reduced thermal plasticity compared to temperate
species, due to low or absent seasonality (Sheldon et al., 2018;
Tewksbury et al., 2008). A recent review found that ectotherms, in
general, have low thermal tolerance plasticity, with most species
having less than a 0.5°C acclimation ability in upper thermal limits
(Sheldon, 2019). Detecting evolutionary change in the wild is
challenging, especially in the tropics, where long-term monitoring
schemes are extremely rare (Merilä and Hendry, 2014). However, in
two tropical Drosophila species, moderate levels of desiccation
stress have led to adaptive evolutionary responses in laboratory
conditions (van Heerwaarden and Sgrò, 2014), whereas with higher
and unrealistic levels of desiccation stress, flies were not able to
track the changes (Hoffmann et al., 2005; Sheldon, 2019). Thus, a
better knowledge of the plasticity and evolutionary potential of
thermal tolerance in tropical insect species will be key to predicting
their ability to copewith thewarming climate, and tests with realistic
levels of environmental change are required.
Accurately predicting the responses of tropical ectotherms to

climate and land-use change therefore requires that we understand
two complementary aspects of the system: the thermal and humidity
buffering potential of tropical forests across altitudinal gradients and
the thermal tolerance of the organisms inhabiting them. In this
study, we: (i) measured microclimates for a full year (temperature
and humidity) across the elevational range of Heliconius butterflies
and assessed the accuracy of publicly available climatic predictions
for the same locations, (ii) tested the heat tolerance of 10 butterfly
species in the wild and (iii) reared offspring from high and low
altitude populations of H. erato in common-garden conditions to
test whether differences observed between wild populations were
genetic or plastic.

MATERIALS AND METHODS
Study system and wild butterfly collection
We collected high (mean=1398 m above sea level, m.a.s.l.) and low
(mean=495 m.a.s.l.) altitude populations of Heliconius butterflies
with hand nets along the western and eastern slopes of the
Ecuadorian Andes, at a similar latitude (Fig. S1). Every Heliconius

species encountered at each site was collected, but only those species
with more than five individuals at each elevation (high and/or low)
were included in the analyses (15 out of 329 wild individuals
removed). Detached wings were photographed dorsally and ventrally
with a DSLR camera with a 100 mm macro lens in standardised
conditions, and wing area was measured with an automated pipeline
in the public software Fiji (following Montejo-Kovacevich et al.,
2019). Butterflies with Heliconius melpomene malleti phenotypes
were genotyped with a restriction digest of amplified COI genes
(following Nadeau et al., 2014), to identify cryptic H. timareta spp.
nov. individuals. All the images are available in the public repository
Zenodo (https://zenodo.org/communities/butterfly/) and full records
with data are stored in the EarthCape database (https://heliconius.
ecdb.io).

Research and collecting permits were granted by the Ministerio
del Ambiente, Ecuador, under the ContratoMarcoMAE-DNB-CM-
2017-0058.

Microclimates across altitudes
Microclimates across elevations on both sides of the Ecuadorian
Andes were characterised by recording temperature and relative
humidity every hour in the understorey and mid-layers of the forest
for a full year (Fig. S1), between February 2017 and February 2018.
We used 40 HOBO temperature loggers (model: HOBO UA-001-08
8K; accuracy: 0.5°C, resolution: 0.1°C, 10 per area) and 16 high-
accuracy humidity and temperature HOBO data loggers (model:
HOBO U23-001; temperature accuracy: 0.21°C; temperature
resolution: 0.02°C; relative humidity accuracy: 2.5%; relative
humidity resolution: 0.05%, four loggers per area). We chose 28
forest sites that had not recently been disturbed by humans, usually
inside or near nature reserves (localities in Table S1), always over
500 m away from any paved road and at least 5 m away from narrow
walking trails (Movie 1). Seven of these were at high altitude
(mean=1214 m.a.s.l.) and seven at low altitude (mean=444.6 m.a.s.l.)
on the eastern and western slopes of the Andes (Fig. S1). Sites were at
least 250 m apart from each other and in the same areas where
Heliconius populations were sampled for this study. We placed one
logger in the understorey (mean height=1.16 m) and one in the
subcanopy (mean height=10.7 m) at each site; height was measured
with a laser meter. Subcanopy loggers were as close as possible to
directly above the understorey loggers, and both were hung from tree
branches with fishing line and suspended mid-air (Movie 1). To
prevent exposure to direct solar radiation, temperature data loggers
were secured inside a white plastic bowl and humidity data loggers
between two flat white plastic plates, allowing for horizontal air flow.

Heat tolerance
Heat stress resistance of wild-caught individuals was measured
with a heat knockdown assay (Huey et al., 1992; Sørensen et al.,
2001). Butterflies were tested less than 12 h after they were
collected in the field, in the evening of the day they were collected
and at approximately the same altitude. Individuals were stored in
envelopes with damp cotton and fed a small amount of sugary water
to standardise hydration levels before being tested. Butterflies were
placed in individual glass chambers, fitted with an instant read
digital thermometer (accuracy: 1.0°C, resolution: 0.1°C). Glass
chambers contained 150 g of metal beads to add weight, covered
with a Styrofoam platform for butterflies to stand on. Five chambers
were introduced at a time into a plastic hot water bath at 51°C, and
we recorded the time until the interior of the chamber, where the
butterflies are placed, reached 39.0°C (‘heating up time’ hereafter).
For the duration of the assay, the temperature inside the chambers
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was kept between 39.0°C and 41.0°C, by increasing or decreasing
the hot water bath temperature as required. Tests in which the
chamber temperature went below this range during the duration of
the assay were removed from further analyses. We recorded the time
and exact temperature at heat knockdown, defined by the loss of
locomotor performance of the individual butterfly (Huey et al.,
1992), i.e. when the butterfly’s legs collapsed or it fell on its side.
Temperature at knockout was accounted for in the models, as in
89 out of 496 assays the chamber temperature went above 41°C
(Fig. S5), but assays in which temperature went above 41.9°C were
removed from all analyses (n=2). Butterflies were monitored for a
maximum of 60 min, and this maximum value was used for those
that had not been knocked out within the time frame (n=1).

Common-garden rearing
Fertilised females of H. erato were caught in the wild with hand
nets in high-altitude (mean=1348 m.a.s.l.) and low-altitude
(mean=543 m.a.s.l.) localities, in the vicinity of the data loggers
used for microclimate analyses. Females from both altitudes were
kept in separate cages of purpose-built insectaries at the Universidad
Regional Amazónica Ikiam (Tena, Ecuador, 600 m.a.s.l.). Eggs were
collected three times per day and individuals were reared in separate
containers throughout development but stored in the same area of the
insectary and randomly assorted. All offspring were individually fed
the same host plant, Passiflora punctata. Development rates and
pupal and adult mass were recorded for all offspring. Common-
garden reared offspring were blindly tested for heat knockdown
resistance in the evening 1 day after emergence following the same
protocol as for wild-caught individuals. Offspring from high- and
low-altitude mothers had individual IDs with no indication of their
origin, thus we were able to blindly test five individuals at a time and
avoid potential observer bias. Adult offspring wings were
photographed and their wing areas measured with an automated
pipeline in the open-access software Fiji (following Montejo-
Kovacevich et al., 2019).

Statistical analyses
All analyses were run in R V2.13 (https://www.r-project.org/) and
graphics were generated with the package ggplot2 (Ginestet, 2011).
Packages are specified below and all R scripts can be found in the
public repository Zenodo (https://doi.org/10.5281/zenodo.3634105).

Microclimates across altitudes
Our data showed low seasonality [standard deviation of monthly
averages (Bio4)=0.63], as expected for latitudes near the Equator;
therefore, it was not subdivided into months. To determine the range
of temperatures and humidities that butterfly populations are
exposed to at different altitudes and sides of the Andes, we first
estimated daily maximum, mean and minimum temperature and
humidity per data logger across the year. We used linear mixed-
effect models (LMMs) to determine temperature differences across
forest strata (understorey and subcanopy), implemented with the
lmer() function from the lme4 package (Bates et al., 2015). We
included forest strata, altitude and date as fixed effects, and as
random effects we placed data logger ID nested within site and area
(altitude+side of the Andes). Dates were standardised to a mean of
zero and unit variance to improve model convergence (Zuur et al.,
2009). Significant differences between forest strata and altitudes
were assessed via post hoc comparisons with Tukey tests. Mean
diurnal range was estimated per day per data logger (as the daily
minimum subtracted from the daily maximum) and then averaged
across the year. To obtain the rate of increase in understorey

temperature for every 1°C increase in subcanopy temperature, we
fitted linear models with the hourly data to obtain the relationship
between understorey temperature and subcanopy temperature
(following González del Pliego et al., 2016).

To understand the atmospheric water imbalance of each
microclimate and elevation, we calculated vapour pressure deficit
(VPD, in hectoPascals, hPa) based on the hourly high-resolution
relative humidity and temperature measurements taken across the
year. VPD is the difference between how much moisture the air can
hold before saturating and the amount of moisture actually present in
the air, i.e. a measure of the drying power of the air. VPD relies on
both temperature and relative humidity, making it more
biologically relevant than relative humidity alone (Bujan et al.,
2016). Relative humidity, which is directly measured by our
humidity data loggers, depends partially on air pressure, thus we
do not need to further account for it. VPD is linked to water
transport and transpiration in plants, and is negatively correlated
with survival and growth in trees and with desiccation resistance in
ectotherms (Bujan et al., 2016). It is calculated as the difference
between saturation water vapour pressure (es) and water vapour
pressure (e) (Jucker et al., 2018). Given that relative humidity
(RH), which is directly measured by our data loggers, can be
expressed as RH=(e/es), VPD was calculated as:

VPD ¼ ð100# RHÞ
100

% es

! "
; ð1Þ

and es was derived from temperature (in °C ) using Bolton’s
equation (Bolton, 1980; Jucker et al., 2018):

es ¼ ð6:112% eð17:67%TÞ=ðTþ243:5ÞÞ: ð2Þ

VPD was estimated for every coupled hourly temperature and
relative humidity record, i.e. from the same data logger at the same
time/date, and we then calculated annual mean VPD (VPDmean)
and mean daily maximum VPD (VPDmax) per logger.

Comparing measured microclimate with coarse-resolution climatic
data
To assess the differences between field-obtained microclimate data
and publicly available ambient climate data, we compared our
microclimate data with coarser-resolution data from the WorldClim2
database, which is widely used in ecological modelling (Fick and
Hijmans, 2017). WorldClim2 climate grid data are generated by
interpolating observations from weather stations across the globe
since the 1970s, which are typically located in open environments
(Jucker et al., 2018). We extracted climatic data for the mean
coordinates from the seven sites of our four study areas (east/west,
highlands/lowlands; Fig. S1) with the maximum resolution available
(1 km2, 30 s), using the package ‘raster’ (https://CRAN.R-project.
org/package=raster). Following a recent study (Jucker et al., 2018),
we focused on comparing WorldClim2 interpolated monthly means
of daily temperatures, annual mean temperatures (Bio1) and annual
mean diurnal range (Bio2) with the equivalent bioclimatic predictors
calculated with our microclimate data. Thus, we extracted the
following WorldClim2 bioclimatic variables for all the areas under
study: Tmax, the monthly mean of daily maximum temperatures (°C);
Tmin, the monthly mean of daily minimum temperatures (°C); Tavg,i,
the average temperature (°C) for a given month (i):

Tavg;i ¼
Tmax;i þ Tmin;i

2

! "
; ð3Þ
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Bio1, the yearly average of monthly average temperatures:

Bio1 ¼
Pi¼12

i¼1 Tavg;i
12

 !

; ð4Þ

and Bio2, the yearly average of the monthly temperature ranges:

Bio2 ¼
Pi¼12

i¼1 Tmax;i # Tmin;i

12

 !

: ð5Þ

Bio1 is more commonly known as the annual mean temperature
and Bio2 as the annual mean diurnal temperature range. The latter is
mathematically equivalent to calculating the temperature range for
each day in a month and averaging across that month. Because our
microclimate data showed low yearly seasonality (temperature
s.d.=0.63) and to avoid biases in months where not all records were
available (e.g. when changing logger batteries halfway through the
year), we averaged across the whole year.
We estimated seasonality following the equation from

WorldClim2/Anuclim (Fick and Hijmans, 2017), based on the
standard deviation of monthly temperature averages:

Bio4 ¼ s:d:fTavg;1; . . . ;Tavg;12g: ð6Þ

Thermal tolerance across species in the wild and across H. erato
common-garden reared families
To test variation in thermal tolerance across species in the wild and
across families in common-garden reared conditions, we first used
an ANOVA approach, with species or brood as a factor explaining
the variation in heat knockdown time. We then estimated within-
species and within-brood trait repeatability, or intra-class correlation
coefficient, with a linear mixed effect model (LMM) approach. This
requires the grouping factor to be specified as a random effect, in
this case species (for wild individuals) or brood (for common
garden-reared offspring), with a Gaussian distribution and 1000
parametric bootstraps to quantify uncertainty, implemented with the
function rptGaussian() in the rptR package (Stoffel et al., 2017). By
specifying species/brood ID as a random effect, the latter approach
estimates the proportion of total thermal tolerance variance
accounted for by differences between species or families.
To determine the effects of altitude on thermal tolerance in wild

butterflies and common-garden reared offspring, we fitted two
separate LMMs, implemented with the lmer() function from the lme4
package (Bates et al., 2015). Both models initially included heat
knockdown time as the response variable, and altitude at which the
wild individual or mother of the brood was collected, sex, wing size
(plus all two-way interactions between them), minutes that the
chamber took to reach 39°C, and temperature at knockout as fixed
effects. Additionally, the common-garden reared offspring model
included development time (days from larva hatching to pupation) and
brood egg number (to control for time the brood mother spent in the
insectary) as fixed effects. The random effects for the wild individual
model and for the common-garden reared offspring model were
species identity and brood mother identity, respectively. All fixed
effects were standardised to a mean of zero and unit variance to
improve model convergence (Zuur et al., 2009).
We implemented automatic model selection with the step()

function of the lmerTest package (Kuznetsova et al., 2017), which
performs backwards selection with likelihood ratio tests and a
significance level of α=0.05, first on the random effects and then on
the fixed effects to determine the simplest best-fitting model.
Model residuals were checked for homoscedasticity and normality.

To obtain P-values for the fixed effects, we used the anova()
function from the lmerTest package, which uses Satterthwaite
approximation (Kuznetsova et al., 2017). We estimated with the
coefficient of determination (R2) the proportion of variance
explained by the fixed factors alone (marginal R2, R2

LMM;m) and
by both the fixed effects and the random factors (conditional R2,
R2
LMM;c), implemented with the MuMIn library (https://CRAN.R-

project.org/package=MuMIn; Nakagawa et al., 2017).

RESULTS
Microclimate variability across altitudes
Overall, the patterns of differentiation between forest layers and
altitudes are very similar across sides of the Andes in our study
(Fig. 1A versus B), and there was low seasonality across months
(Fig. 1). Our measured temperature seasonality per logger, averaged
across areas, was 0.61 and 0.81 for the western highlands and
lowlands, respectively, and 0.49 and 0.60 for the eastern highlands
and lowlands, respectively. The lowland sites were, on average, 4.1°C
warmer than the highland sites, which were over 750 m apart in
elevation (Tables S1). Annual mean temperatures interpolated from
WorldClim2 were always closer to subcanopy strata annual means
(Fig. S2A). In contrast, the understorey annual mean temperatures
were on average 0.5°C lower than WorldClim2 annual mean
temperatures (dotted lines in Fig. 1Ai,ii,Bi,ii, Table S1). The
minimum temperatures were consistently higher in our
microclimate data compared with the interpolated monthly minima
estimated in WorldClim2, especially for the highlands (lower dotted
line in Fig. 1Aii,Bii).

Forest canopies thermally buffered the understorey, but more so
during the day and in the lowlands. During the day, the understorey
thermally buffered the canopy temperaturemaxima by 1.19–1.62°C in
the highlands, and by 1.98–2.11°C in the lowlands (Table 1). At night,
understories buffered the temperatureminima of the canopies by0.07–
0.12°C in the highlands andby 0.25–0.23°C in the lowlands (Table 1).
Thus, the forest buffered high and low temperatures in the understorey
throughout the day and night, respectively (Fig. 2A). Temperature
differences between day and night are greater in the lowlands, where
days are warmer (Fig. 2A), but less so in the understorey of all areas.
On average, the difference between subcanopy and understorey
diurnal thermal range in the highlands was 1.34°C, whereas in the
lowlands this differencewas 2.09°C (Fig. 2B). However,WorldClim2
interpolations for diurnal thermal ranges were 3.5°C higher than our
records in the highlands, resulting in the highlands being predicted to
have higher thermal ranges than the lowlands (stars, Fig. 2B). Thiswas
the opposite elevational trend to that observed in our data, where
thermal ranges were lower in the highlands.

The temperature buffering of the lowlands was higher than the
highlands, so that for every 1°C increase in subcanopy temperature
the understorey increased by 0.68°C in the lowlands, in contrast to
0.73°C in the highlands. The lowland canopies exceeded 39°C on
31 days throughout the year, whereas the highlands never did
(Fig. 1). The monthly maximum temperature interpolated by
WorldClim2 was close to our measured subcanopy temperature
maxima in the lowlands, but 2.01°C higher, on average, in the
highlands (Fig. 2C). WorldClim2 monthly minima were also
overestimated at both elevations, predicting it to be 2.6°C cooler at
night in the highlands and 2.3°C cooler in the lowlands than our
measured understorey microclimates (Fig. S2B).

Vapour pressure deficit
In the highlands, the understorey daily relative humidity minimum
was on average 3.7 percentage points higher than in the subcanopy,
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whereas in the lowlands the difference was 11.8 percentage points
(Fig. S3). The drying power of the air (VPD) varied drastically
between layers of the forest, but more so in the lowlands (Fig. 3). In
the highlands, maximum daily VPD from the same site averaged
1.1 hPa higher in the subcanopy compared with the understorey,
whereas in the lowlands the differencewas 4.8 hPa. The threshold for
tree transpiration is thought to be at 12 hPa in the tropical montane
areas, above which transpiration, and thus growth, is impeded by the
drying power of the air (Motzer et al., 2005). This threshold was
exceeded 883 times in the lowland subcanopyacross our data loggers,
102 times in the lowland understorey, 12 times in the highland
subcanopy and never in the highland understorey (Fig. S3).

Heat tolerance in the wild
Heat tolerance varied across species (ANOVA: F9,268=8.75,
P<0.0001; Fig. 4A), with 44% of this variation explained by
species identity (repeatability=0.44, s.e.=0.13, P<0.0001). In the
highlands, 33% of the individuals tested were knocked out before
the chambers reached a temperature of 39°C, in contrast to 7% of the

individuals tested in the lowlands (nhigh=60/183, nlow=6/95; Fig. 4B).
Mean (±s.e.m.) heat tolerance across species was on average 5.4±
0.57 min for highland individuals and 15.9±1.43 min for lowland
individuals (red dashed line in Fig. 4A). Altitude and time until the
chamber reached 39°C were significant predictors of knockout time
in wild individuals (Table S1), with the fixed effects alone explaining
29% of the variation in thermal tolerance (R2

LMM;m=0.29) and 39%
when considered together with species identity as a random effect
(R2

LMM;c=0.39). The high-altitude populations of the two most evenly
sampled species across altitudes, H. erato and H. timareta, were less
thermally tolerant than their lowland conspecifics (t-test, H. erato:
t77=−5.3, P<0.0001, H. timareta: t14=−2.3, P<0.05; Fig. S6). In this
part of the eastern Andes of Ecuador, the lowland H. melpomene
have been largely replaced by a cryptic subspecies of H. timareta
(Nadeau et al., 2014), which explains the low numbers of lowland
individuals ofH. melpomene, a species with a very wide range across
the Neotropics.

Heat tolerance in common-garden reared offspring
Common-garden reared offspring of H. erato lativitta varied in heat
tolerance across families (ANOVA, F14,262=5.15, P<0.0001), and
25% of this variation was explained by brood identity
(repeatability=0.25, s.e.=0.10, P<0.0001). In the wild, low-
altitude H. erato lativitta were, on average, able to withstand high
temperatures for 10 min longer compared with high-altitude
populations (t-test: t77=−5.3, P<0.0001; Fig. 4, left). In contrast,
when reared in common-garden conditions, individuals from
lowland broods were able to withstand heat for only 1.4 min
longer than offspring from highland broods (Fig. 5, right). As a
consequence, parental altitude only had a marginally significant
effect on offspring thermal tolerance (knockdown time), whereas
experimental variables, such as time until the chamber reached 39°C
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Fig. 1. Annual and daily microclimates across forest heights and elevations. Annual microclimate variation recorded every hour (lowlands/highland, west/
east, Ai,ii,Bi,ii), mean daily maximum temperature (Aiii,Biii), mean daily average temperature (Aiv,Biv) and mean daily minimum temperature (Av,Bv) from
February 2017 until February 2018 in the western (A) and eastern (B) slopes of the Andes. For Ai,ii and Bi,ii, grey lines represent raw data, and coloured lines
represent hourly temperatures averaged across loggers in each of the four areas and forest layers. For Aiii–v and Biii–v, we first obtained individual data logger
daily maximum, mean and minimum temperatures, and averaged these to obtain the daily mean values per area/forest layer plotted here. Colours represent
microclimates (blues: subcanopy; oranges: understorey). Points and dashed lines represent WorldClim2 interpolated monthly maximum (Tmax), mean (Tavg) and
minimum (Tmin) temperatures for these areas (Ai,ii,Bi,ii). The bottom and top of the boxes represent the first and third quartiles, respectively, the bold line
represents themedian, the points represent outliers, and the vertical line delimits maximum andminimum non-outlier observations. Datawith the same lowercase
letters are not significantly different (Tukey post hoc test, P>0.05).

Table 1. Understorey temperature offsets across areas

Altitude Andes Tmax offset Tmean offset Tmin offset

Highlands West −1.19±0.028 −0.21±0.007 0.07±0.004
Highlands East −1.62±0.035 −0.3±0.008 0.12±0.004
Lowlands West −1.98±0.04 −0.37±0.008 0.25±0.003
Lowlands East −2.11±0.036 −0.5±0.009 0.23±0.002

Offsets were calculated by subtracting subcanopy daily temperatures from
understorey daily temperatures, thus negative values indicate cooler
understories and positive warmer understories. We estimated daily maximum,
mean andminimum temperatures (°C) per data logger per day, then calculated
daily offsets at a given site (pair of loggers) and averaged across the year and
data loggers per area. Values shown are means±s.e.m.
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and the temperature at knockout, were significant predictors of
knockout time in the offspring (Table 2, ‘common-garden reared
model’). Fixed effects alone explained 39% of the variation in
thermal tolerance (R2

LMM;m=0.39) and 48% when together with
brood identity as the random effect (R2

LMM;c=0.48), indicating trait
heritability (Table 2). The variance in thermal tolerance in wild
populations was higher than in common-garden reared offspring
(Fig. 5), probably owing to higher variation of developmental
temperatures, fitness and age in the wild. The number of eggs a
mother had previously laid had a positive and significant effect on
adult thermal tolerance, and interacted with parental altitude, likely
owing to high-altitude mothers living longer in the insectary.

DISCUSSION
We found that tropical forests have great climatic buffering potential,
especially at lower elevations, and that this was similar across
two independent elevational clines on both sides of the Ecuadorian

Andes (Figs 1 and 2). Interpolated climatic variables for these same
areas did not capture our observed microclimates, especially at high
elevations (∼1100 m.a.s.l.), where weather stations are very sparse
(Fick and Hijmans, 2017). Furthermore, we found evidence for
differences in thermal tolerance in the wild across 10 butterfly
species, regardless of whether they had altitudinally narrow or
widespread distributions (Fig. 4). However, these differences were
greatly reduced when a widespread species was reared in common-
garden conditions, indicating likely non-genetic, environmental
effects on temperature tolerance.

Microclimate buffering across elevations
Many macroecological predictions of species distributions have
emerged from the notion that tropical latitudes lack strong
seasonality (Janzen, 1967; Sheldon et al., 2018; Shelomi, 2012).
However, while generally true, these predictions ignore the climate
complexity of tropical forests. Our results show that lowland and

Table 2. Thermal tolerance model summaries

Random effects Fixed effects

Model N Response Variable χ2 d.f. P Variable Estimate d.f. t P

Wild individuals 213 KO time Species ID 8.53 1 0.003 Altitude −4.45 151.9 −5.50 <0.001
Heating up time (min) 5.76 205.2 7.87 <0.001

Common-garden reared 260 KO time Mother ID 9.43 1 0.002 Heating up time (min) 21.67 184.2 8.85 <0.001
Egg number (per brood) 3.04 173.7 9.80 <0.001
Temperature at KO (°C) 3.12 162.9 6.02 <0.001
Development (days) 0.99 228.9 3.76 0.02
Altitude×egg number −0.40 224.8 −2.25 0.03
Altitude −1.03 134.2 −2.24 0.07

Wild individuals of 10 species and common-garden rearedH. erato final models. Non-significant two-way interactions are not included in this table. d.f., degrees of
freedom based on Sattherwaithe’s approximations. KO, knockout. Egg number (per brood), number of eggs previously laid by that brood mother.
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montane tropical forests buffer ambient temperature and humidity.
The understory daily maximum temperature was, on average, 1.4°C
and 2.1°C cooler than the subcanopy, at high and low elevations,
respectively (Table 1). The temperature offset between forest
canopy and understory becomes larger at more extreme
temperatures (De Frenne et al., 2019). Thus, lowland forests
buffered temperatures to a greater extent than highland forests,

which is of particular importance for ectotherms in lowland
environments, which are routinely exposed to extreme
temperatures (Deutsch et al., 2008). It is important to note that in
the present study, the highland areas were located at mid-elevations
and our lowlands were in the foothills of the Andes, which have
been less studied because the differences are often assumed to be
marginal. Similarly, our subcanopy data loggers were positioned
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10 m from the forest floor, thus we would expect the temperature
and humidity offsets to be even stronger when compared with
above-canopy or open-habitat temperatures.
Janzen’s (1967) hypothesis predicted that the reduced climatic

variability in the tropics would result in ectotherms having narrower
thermal tolerances, and, in turn, reduce dispersal across elevations
(Sheldon et al., 2018). In the present study, the mean temperature
difference between the subcanopy and the understorey, only 10 m
apart, was 0.25°C in the highlands and 0.44°C in the lowlands
(Table 1). This is more than the temperature change across these
elevational clines, where for every 10 m in elevation there was a
0.05°C decrease in temperature. Yet, in the wild, we found that low-
elevation populations were much more tolerant to heat than
highland populations. Although in this study we did not measure
cold tolerance, we found that the difference in minimum
temperatures across elevations and forest strata is much smaller
than that of maximum temperatures (Fig. 1Av,Bv). Thus, we can
hypothesise that, given a linear change in cold tolerance, the
disproportionately greater heat tolerance of lowland Heliconius
would result in them having broader thermal breadths than high-
elevation populations. The microclimatic variability that tropical
ectotherms are exposed to within their habitats might offset the lack
of seasonality across the year, making some species more able to
cope with warming than others. Thus, protecting tropical forests’
climatic buffering potential across elevations is essential to enable
potential upland shifting in the face of climate and land-use change.
We found a clear disparity between field-collected microclimate

and interpolated macroclimate temperature (Fig. 2). For instance,
WorldClim2 estimated the maximum daily temperatures to be
2.01°C higher in the highlands, and overestimated annual mean
temperature in the understorey by 0.5°C. Strikingly, these values are
similar in magnitude to the projected warming for the next century
in Andean mid-elevations (Beaumont et al., 2011; Urrutia and
Vuille, 2009). In large part, these disparities can be attributed to the

fact that coarse-gridded temperature surfaces, such as WorldClim2,
are interpolated from weather stations that are located in open
habitats (De Frenne et al., 2019; De Frenne and Verheyen, 2016).
Several recent studies have reported similarly striking differences
(Jucker et al., 2018; Lembrechts et al., 2019; Potter et al., 2013;
Storlie et al., 2014). Near-surface temperatures can only be
accurately measured with in situ loggers or with emerging remote
sensing technologies, such as airborne laser scanning (Jucker et al.,
2018). Furthermore, WorldClim2 interpolations at high altitudes
tend to be less accurate, especially in the tropics, where weather
station data are very sparse (Fick and Hijmans, 2017). This raises the
question of how useful coarse macroclimatic grids are for assessing
thermal tolerances of organisms that are affected by fine-scale
microclimates (De Frenne et al., 2019; Lenoir et al., 2017; Navas
et al., 2017; Nowakowski et al., 2018). In addition, very few studies
in the tropics have accounted for humidity and VPD variability at
the microclimate level (Bujan et al., 2016; Friedman et al., 2019;
García-Robledo et al., 2016), as the loggers required to do so can be
four to five times more costly than temperature loggers.
Nevertheless, inclusion of VPD in species distribution models has
been shown to significantly improve their accuracy (de la Vega and
Schilman, 2017). The differences in VPD between subcanopy
and understorey observed here were much more pronounced in the
lowlands, highlighting the importance of protecting forest
complexity in these areas, which are under constant threat of
land-use change.

Heat tolerance in the wild
Our extremely limited knowledge of thermal tolerance and plastic
potential of tropical ectotherms in the wild further hinders our
ability to predict ectotherm responses to climate change. As
expected, the ability of wild butterfly species to cope with
extreme, but natural, levels of heat (∼40°C) was much lower for
those inhabiting high altitudes. The heat tolerance differences
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were brought to a common-garden environment, where their offspring were reared and tested. Graphs show heat knockdown time (min) across wild individuals
and offspring reared in common-garden conditions of Heliconius erato lativitta populations from high (∼489 m.a.s.l., orange) and low elevations (∼1344 m.a.s.l.,
dark orange). Error bars represent 95% confidence intervals of the means.
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between highland and lowland populations of widespread species
were much lower than between highland and lowland specialist
species (Fig. 4, Fig. S6). This suggests that although plasticity plays
a role in widespread species, as shown in our common-garden
rearing with H. erato, elevationally restricted species are likely to
have fixed genetic characteristics that make them better suited to
their thermal environment, and thus show more differences when
compared across elevations. Behavioural shifts might alleviate the
impact of climate extremes in tropical forests, but the capacity of a
species to shift sufficiently will be constrained by life history,
energy budgets and thermal tolerance (Sheldon and Tewksbury,
2014). In these butterflies, altitude has been shown to pose strong
selective pressures, and some are constrained in their body size by
contrasting reproductive strategies (gregarious versus solitary),
which could, in turn, restrict adaptive plastic responses to
environmental change (Montejo-Kovacevich et al., 2019).
Nevertheless, the observed thermal buffering of forests would
undoubtedly benefit and be exploited by these butterflies during
extreme temperature events, such as the 31 days where temperatures
in the lowlands went above 39°C.

Evidence for plasticity in heat tolerance
When reared under a common developmental temperature, the
differences in adult thermal tolerance observed in the wild largely
disappeared in the widespread species, H. erato lativitta, indicating
plasticity in individual thermal tolerance (Fig. 4). In this study, we
cannot distinguish developmental plasticity from acclimation. The
former would imply that larval rearing temperaturewould irreversibly
determine adult heat knockdown resistance, whereas the latter implies
a reversible response to temperature (Llewelyn et al., 2018).
Interestingly, we did find evidence of at least some genetic
component to heat knockdown resistance, as 25% of its variation
among common-reared offspring was explained by family identity.
Thus, it is likely that a combination of genetic and environmental
effects determine adult thermal tolerance in Heliconius butterflies.
Heat knockdown resistance has been associated with the expression
of a heat shock protein (Hsp70) and its plasticity has been shown to
vary across altitudinally and latitudinally structured populations of
Drosophila buzzati and European butterflies (Karl et al., 2009; Luo
et al., 2014; Sørensen et al., 2001), suggesting a mechanism for both
genetic and environmental control of heat knockdown resistance.
Highly heritable thermal performance traits have been shown to allow
rapid adaptation to changing climates in lizards (Logan et al., 2014),
but developmentally plastic traits with varying and unknown levels of
heritability have less predictable roles (Merilä and Hendry, 2014).
The fact that 45% of the individuals from three high-altitude

Heliconius species were knocked out at temperatures between 35 and
39°C is remarkable (Fig. 3B), given that in the highlands, there were
50 days in a year where temperatures went above 30°C. These high-
altitude species would have suffered high mortality if reared in our
lowland insectaries, as temperatures often rise above 35°C. In
contrast, only 27% of sympatric high-altitude individuals of
widespread species were knocked out at temperatures between 35
and 39°C. Canopy-dwelling tropical ants are known to behaviourally
circumvent high-temperature areas encountered while foraging,
avoiding temperatures 5–10°C below their thermal tolerance limits
(Logan et al., 2019; Spicer et al., 2017). Thus, these butterflies and
other high-altitude species must adapt their flying times and/or
behaviours during hot periods, which could have cascading effects on
fitness. Heliconius follow the same flower foraging trap-lines every
day, as they require large amounts of nectar and, uniquely for
lepidopterans, pollen, to thrive throughout their long adult life-spans

(Jiggins, 2016; Mallet, 1986). Hot patches of the forest close to their
thermal limits could severely hinder their ability to follow a foraging
path, disrupting a basic biological function. Thus, the climatic refugia
that the understorey provides could be crucial to cope with the
ongoing increase in extreme temperature events in high elevation
habitats (Ruiz et al., 2012; Scheffers et al., 2014).

Relative humidity and VPD, which have received little attention in
the literature, were also greatly buffered by forest canopies (Fig. 3).
High VPD has direct impacts on seedling growth and survival
(Jucker et al., 2018; Motzer et al., 2005), as well as on ectotherm
activity levels through increased desiccation risk (Bujan et al., 2016;
Friedman et al., 2019). In canopy tropical ants, desiccation resistance
was negatively correlated with thermal tolerance, suggesting an
energetic trade-off between the two traits, but both were generally
higher than in understorey ants (Bujan et al., 2016). Thus, forest
temperature and humidity buffering may benefit canopy-dwelling
butterflies disproportionately. Furthermore, understorey specialist
species are thought to be closer to their thermal limits owing to the
stable climatic conditions they inhabit, and thus these may not have
suitable refugia or the thermal capacity to cope with warming (Huey
et al., 2009; Scheffers et al., 2017; Sheldon, 2019). Heliconius erato
is considered an open-habitat dwelling species, whereas others not
studied here, such as H. sapho and H. cydno prefer closed-canopy
forest (Estrada and Jiggins, 2002). Future research could focus on
testing desiccation risk acrossHeliconius species with different flying
habits and at different elevations. Increased detrimental effects on
growth and survival under climate change could also hold true for less
mobile, understorey-dwelling life stages, such as butterfly larvae.

Conservation implications
Habitat degradation and land-use change in the Andean foothills are
pressing concerns for tropical conservation. Ectotherms escaping
unsuitable climates in the lowlands may struggle to shift their ranges
upwards owing to habitat fragmentation (Chen et al., 2009; Scheffers
et al., 2016). For example, most remnants of pristine forest in Borneo
are in montane areas, as the flat lowlands have been converted to oil
palm plantations. Current protected areas may fail to act as stepping
stones as they are too isolated and distant from upland climate refugia
(Scriven et al., 2015). A similar scenario occurs in western Ecuador,
one of our study areas, where a large portion of the low and mid-
elevations have been converted to agricultural lands in the past three
decades (Wasserstrom and Southgate, 2013). Any habitat change that
affects forest heterogeneity could reduce its large temperature
buffering potential (Blonder et al., 2018; Jucker et al., 2020), and
butterfly diversity as a whole (Montejo-Kovacevich et al., 2018).
Nevertheless, microclimates have been shown to recover decades
after low impact land uses (González del Pliego et al., 2016;Mollinari
et al., 2019; Senior et al., 2018), allowing for recolonization of
biodiversity (Hethcoat et al., 2019). This highlights the need to
protect degraded secondary forest, as these are now more abundant
than primary forests in most of the tropics (Edwards et al., 2011;
Senior et al., 2017).

Conclusions
Tropical ectotherms find themselves in highly heterogeneous,
threatened habitats, which have greater climate buffering potential
than previously thought (De Frenne et al., 2019; De Frenne and
Verheyen, 2016). However, the low seasonality of tropical
environments together with the steep environmental gradients of
montane habitats, as Janzen’s hypothesis predicts, makes tropical
ectotherms particularly vulnerable to climate and habitat change
(Deutsch et al., 2008; Huey et al., 2009; Janzen, 1967; Polato et al.,
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2018). The clear mismatch between the microclimates we measured
and the widely used interpolated global datasets highlights the
importance of field-based climate measurements. Furthermore, the
striking difference in heat tolerance and evidence for plasticity across a
moderate elevational cline demonstrates the importance of temperature
for the persistence of tropical ectotherms. Our results suggest that the
inclusion of microclimate buffering within models and experimental
testing of thermal tolerances is crucial for incorporating realistic
temperatures experienced by small organisms (Paz and Guarnizo,
2019). More research into the evolvability and plasticity of heat
tolerance is needed to accurately assess the vulnerability of tropical
ectotherms in the face of anthropogenic change.
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Merilä, J. and Hendry, A. P. (2014). Climate change, adaptation, and phenotypic
plasticity: the problem and the evidence. Evol. Appl. 7, 1-14. doi:10.1111/eva.
12137

Mollinari, M. M., Peres, C. A. and Edwards, D. P. (2019). Rapid recovery of thermal
environment after selective logging in the Amazon. Agric. For. Meteorol. 278,
107637. doi:10.1016/j.agrformet.2019.107637

Montejo-Kovacevich, G., Hethcoat, M. G., Lim, F. K. S., Marsh, C. J., Bonfantti,
D., Peres, C. A. and Edwards, D. P. (2018). Impacts of selective logging
management on butterflies in the Amazon. Biol. Conserv. 225, 1-9. doi:10.1016/j.
biocon.2018.06.012

Montejo-Kovacevich, G., Smith, J. E., Meier, J. I., Bacquet, C. N., Whiltshire-
Romero, E., Nadeau, N. J. and Jiggins, C. D. (2019). Altitude and life-history
shape the evolution of Heliconius wings. Evolution 73, 2436-2450. doi:10.1111/
evo.13865

Morueta-Holme, N., Engemann, K., Sandoval-Acun ̃a, P., Jonas, J. D., Segnitz,
R. M. and Svenning, J.-C. (2015). Strong upslope shifts in Chimborazo’s
vegetation over two centuries since Humboldt. Proc. Natl. Acad. Sci. USA 112,
12741-12745. doi:10.1073/pnas.1509938112
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